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FOREWORD

The Superfund Amendnents and Reaut horization Act (SARA) of 1986
(Public Law 99-499) extended and anended the Conprehensive Environnenta
Response, Conpensation, and Liability Act of 1980 (CERCLA or Superfund).
This public | aw directed the Agency for Toxic Substances and Di sease
Regi stry (ATSDR) to prepare toxicol ogical profiles for hazardous
subst ances which are nost commonly found at facilities on the CERCLA
National Priorities List and which pose the nost significant potenti al
threat to human health, as determ ned by ATSDR and the Environnental
Protection Agency (EPA). The lists of the 250 nost significant hazardous
substances were published in the Federal Register on April 17, 1987, on
Oct ober 20, 1988, on Cctober 26, 1989, and on COctober 17, 1990.

Section 104(i)(3) of CERCLA, as anended, directs the Adm nistrator of
ATSDR to prepare a toxicological profile for each substance on the I|ist.
Each profile nust include the follow ng content:

(A) An exami nation, summary, and interpretation of available

t oxi col ogi cal information and epi deni ol ogi cal eval uati ons on the
hazar dous substance in order to ascertain the |evels of significant
human exposure for the substance and the associ ated acute, subacute,
and chronic health effects,

(B) A determ nation of whether adequate information on the health
effects of each substance is available or in the process of

devel opnent to determ ne |evels of exposure which present a
significant risk to human health of acute, subacute, and chronic
heal th effects, and

(C Were appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with guidelines
devel oped by ATSDR and EPA. The origi nal guidelines were published in the
Federal Register on April 17, 1987. Each profile will be revised and
republ i shed as necessary, but no less often than every three years, as
requi red by CERCLA, as amended.

The ATSDR toxicological profile is intended to characterize succinctly
t he toxicol ogi cal and adverse health effects information for the hazardous
subst ance bei ng described. Each profile identifies and reviews the key
literature (that has been peer-revi ewed) that describes a hazardous
substance's toxicol ogical properties. Oher pertinent literature is also
presented but described in less detail than the key studies. The profile
is not intended to be an exhaustive docunent; however, nore conprehensive
sources of specialty information are referenced.
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Foreword

Each toxicological profile begins with a public health statement,
which describes in nontechnical language a substance’s relevant
toxicological properties. Following the public health statement is
information concerning significant health effects associated with exposure
to the substance. The adequacy of information to determine a substance’'s
health effects is described. Data needs that are of significance to
protection of public health will be identified by ATSDR, the National
Toxicology Program (NTP) of the Public Health Service, and EPA. The focus
of the profiles is on health and toxicological information; therefore, we
have included this information in the beginning of the document.

The principal audiences for the toxicological profiles are health
professionals at the federal, state, and local levels, interested private
sector organizations and groups, and members of the public.

This profile reflects our assessment of all relevant toxicological
testing and information that has been peer reviewed. It has been reviewed
by scientists from ATSDR, the Centers for Disease Control, the NTP, and
other federal agencies. It has also been reviewed by a panel of
nongovernment peer reviewers and is being made available for public
review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

(laim O

William L. Roper, ., M.P.H.
Administrator
Agency for Toxic Substances and
Disease Registry
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1. PUBLI C HEALTH STATEMENT

This Statement was prepared to give you information about amoni a and
to enphasi ze the human health effects that may result from exposure to it.
The Environnmental Protection Agency (EPA) has identified 1177 sites on its
National Priorities List (NPL). Amoni a has been found at 23 of these
sites. However, we do not know how nmany of the 1177 NPL sites have been
eval uated for ammoni a. As EPA eval uates nore sites, the nunber of sites at
whi ch ammonia is found may change. The information is inportant for you
because ammoni a may cause harnful health effects and because these sites are
potential or actual sources of human exposure to ammoni a.

When a chemical is released froma |large area, such as an industrial
plant, or froma container, such as a drumor bottle, it enters the
environment as a chenmical enmission, This em ssion, which is also called a
rel ease, does not always |ead to exposure. You can be exposed to a chem ca
only when you cone into contact with the chemcal. You may be exposed to it
in the environnment by breathing, eating, or drinking substances containing
the chem cal or fromskin contact with it.

If you are exposed to a hazardous substance such as anmoni a, severa
factors will deternine whether harnful health effects will occur and what
the type and severity of those health effects will be. These factors
i nclude the dose (how nmuch), the duration (how long), the route or pathway
by which you are exposed (breathing, eating, drinking, or skin contact), the
ot her chemicals to which you are exposed, and your i ndividual
characteristics such as age, sex, nutritional status, famly traits, life
style, and state of health.

1.1 VWHAT 1S AMMONI A?

Ammonia is a chenical nade by both man and nature. The anount of
amoni a produced every year by man is very snmall conpared to that produced
by nature every year. However, when ammonia is found at a |level that may
cause concern, it is usually produced either directly or indirectly by nman
Ammonia is a colorless gas with a very sharp odor. The odor is
fam liar to nost people because ammonia is used in snelling salts,
househol d cl eaners, and w ndow cl eani ng products. Ammopni a easily dissol ves
in water. In water, nost of the ammoni a changes to anmonium which is not a
gas and does not snell. Ammoni a and anmoni um can change back and forth in
water. In wells, rivers, |akes, and wet soils, the ammoniumformis nost
conmon.

Ammonia is very inportant to aninmal and human life. It is found in
water, soil, and air, and is a source of nuch-needed nitrogen for plants and
animals. Myst of the ammnia in the environment cones fromthe natural
breakdown of nanure and dead plants and ani nal s.

Ei ghty percent of all man-nade anmmonia is used as fertilizer. A third
of this is applied directly as pure ammoni a. The rest is used to nake
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other fertilizers that contain amonium Ammonia is also used to
manuf acture synthetic fibers, plastics, and expl osives. Many cl eaning
products al so contain anmoni a.

Ammoni a does not |ast very long in the environment. Because it is
recycled naturally, nature has many ways of incorporating and transform ng
ammnia. In soil or water, plants and microorganisns rapidly take up
amoni a. After fertilizer containing ammonia is applied to soil, the anount
of ammonia in that soil decreases to lowlevels in a few days. In the air,
amonia will | ast about one week.

In the air near hazardous waste sites, ammonia can be found as a gas.
Ammoni a can be found di ssolved in ponds or other bodies of water at a waste
site. Amonia can al so be found sticking to soil at hazardous waste sites.
The average concentration of ammonia reported at hazardous waste sites
ranges from1l to 1000 parts of ammonia to one mllion parts of soil (ppm in
soil and up to 16 ppmin water sanpl es.

For detailed information on the chem cal properties of ammonia, see
Chapter 3. Details on the production and use of ammonia are in Chapter 4,
and nmore information on the environnental fate of ammoni a and sources of
human exposure are in Chapter 5.

1.2 HOW M GHT | BE EXPOSED TO AMMONI A?

Si nce amoni a occurs naturally in the environnent, we are regularly
exposed to low |l evels of ammonia in air, soil, and water. Anmpni a has been
found in both soil and water sanples at hazardous waste sites. Amoni a
exists naturally in the air at |evels between one part and five parts in a
billion parts of air (ppb). It is commonly found in rain water. The
amoni a levels in rivers and bays are usually less than 6 ppm (6 ppm =
6, 000 ppb). Soil typically contains about 1 to 5 ppm of ammonia. The
| evel s of ammoni a vary throughout the day, as well as from season to season
Cenerally, anmonia | evels are highest in the sutmmer and spring, when nature
is nost active.

Qut doors, you may be exposed to high levels of anmonia in air from
| eaks and spills at production plants and storage facilities, and from
pi pelines, tank trucks, rail cars, ships, and barges that transport amoni a.
H gher levels of ammonia in air nay occur when fertilizer is applied to
farmfields. After fertilizer is applied, the concentration of ammonia in
soil can be nore than 3000 ppm however, these |evels decrease rapidly over
a few days. Indoors, you may be exposed to ammoni a whil e using househol d
products that contain anmonia. Sonme of these products are ammoni a cl eani ng
sol utions, w ndow cl eaners, floor waxes, and snelling salts.

You can al so be exposed to ammoni a at work because nany of the
cl eaning products there also contain amonia. Farmers, cattle ranchers, and
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peopl e who rai se chickens can be exposed to amoni a from decayi ng manur e.
Sonme manufacturing processes al so use anmoni a.

See Chapter 5 for nore detailed information on the environnental fate
of ammonia, amonia |levels in the environment, and exposure to ammoni a.

1.3 HOW CAN AMVONI A ENTER AND LEAVE MY BQODY?

Amoni a can enter your body if you breathe in anmonia gas or if you
swal | ow water or food containing amonia. |If you spill anmonia on your
skin, a small anmount of ammonia m ght enter your body through your skin;
however, nore ammonia will probably enter as you breathe the fumes fromthe
spilled amoni a. After you breathe in amonia, you breathe nost of it out
again. If you swallow amonia in food or water, it will get into your
bl oodstream and be carried throughout your body within mnutes. Mst of the
ammoni a that enters your body rapidly changes into other substances that
will not harmyou. The rest of this ammonia | eaves your body in urine
within a couple of days. For nore informati on on how ammoni a can enter and
| eave your body, see Chapter 2.

1.4 HOW CAN AMVONI A AFFECT MY HEALTH?

If you were exposed to nuch higher than normal anmounts, you would
experience sone effects. For exanple, if you spilled a bottle of
concentrated ammonia on the floor, you would snmell a strong ammoni a odor
you m ght cough, and your eyes m ght water because of irritation. If you
were exposed to very high levels of ammobnia, you would experience nore
harnful effects. For exanple, if you wal ked into a dense cloud of ammoni a
or spill concentrated ammonia on your skin, you mght get severe burns on
your skin, eyes, throat, or lungs. These burns night be serious enough to
cause permanent blindness, |ung disease, or death. Likew se, if you
accidentally ate or drank | arge amounts of ammoni a, you m ght experience
burns in your nmouth, throat, and stonmach. Based on avail able data, we
cannot say with certainty whether or not anmoni a causes cancer or birth
def ects. Amonia can al so have beneficial effects, such as when it is used
as a snmelling salt. Certain ammoni um salts have | ong been used in
veterinary and human nedicine. For nore informati on on how amoni a can
affect your health, see Chapter 2.

1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED IN HARMFUL HEALTH EFFECTS?

The levels of amonia in air, drinking water, and food that affect your

health are summarized in Tables I-1 through 1-4. Ammonia has a very strong
odor that you can snell when it is in the air at a |evel higher than 50 ppm
Therefore, you will probably snell ammoni a before you are exposed to a

concentration that may harmyou. As seen in Table 1-2, levels of amonia in
air that cause serious effects in animals are nuch higher than | evels you
woul d nornal Iy be exposed to at hone or work.
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Human Health Effects from Breathing Ammoniak

Short-term Exposure
(less than or equal to 14 days)

Levels in Air (ppm)

Length of Exposure

0.5

50

500

5000

less than 1 day

30 minutes

less than 30 minutes

Description of Effects**

Minimal Risk Level (see
Section 1.5 for
discussion).

Slight, temporary eye
and throat irritation
and urge to cough.

Increased air intake
into lungs; sore
nose and throat.

Kills quickly.

Long-term Exposure
(greater than 14 days)

Levels in Air (ppm)

Length of Exposure

0.3

100

6 weeks

Description of Effects*¥

Minimal Risk Level (see
Section 1.5 for
discussion).

Eyes, nose and throat
irritation.

*See Section 1.2 for a discussion of exposures encountered in daily

life.

**These effects are listed at the lowest level at which they were

first observed.

They may also be seen at the higher levels.
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TABLE 1-2. Animal Health Effects from Breathing Ammonia

Short-term Exposure
(less than or equal to 14 days)

Levels in Air (ppm) Length of Exposure Description of Effects*
50 3 hours Slowed breathing rate in

rabbits; coughing, eye,

mouth, and nose irrita-
tion, poor weight gain

and food intake in pigs.

100 6 hours Increased irritability in
rats.
500 7 days Decreased weight gain and

food intake in rats.
Decreased resistance to
disease in mice.
1000 16 hours Death in rats and mice.

Long-term Exposure
(greater than 14 days)

Levels in Air (ppm) Length of Exposure Description of Effects¥*
653 90 days Death in rats.

*These effects are listed at the lowest level at which they were
first observed. They may also be seen at higher levels.
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Human Health Effects from Eating or Drinking Ammonia%*

Short-term Exposure

(less than or equal to 14 days)

Levels in Food

Levels in Water

Length of Exposure

Description of Effects

The health effects

resulting from short-
term human exposure to
food containing specific
levels of ammonia are
not known.

The health effects

resulting from short-
term human exposure
to water containing
specific levels of
ammonia are not known.

Long-term Exposure

(greater than 14 days)

Levels in Food

Length of Exposure

Levels in Water (ppm)

~ 10

Description of Effects**

The health effects
resulting from long-
term human exposure to
food containing specific
levels of ammonia are
not known.

Minimal risk level (based
on animal studies; see
Section 1.5 for discus-
sion.

*See Section 1.2 for a discussion of exposures encountered in daily

life.

**These effects are listed at the lowest level at which they were
They may also be seen at the higher levels.

first observed.
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TABLE 1-4 Animal Health Effects from Eating or Drinking Ammonia

Short-term Exposure
(less than or equal to 14 days)

Levels in Food Length of Exposure Description of Effects*
The health effects
resulting from short-
term animal exposure to
food containing specific
levels of ammonia are
not known.

Levels in Water (ppm)

1192 1 day Death; swelling and
blocking of lung pasages
in guinea pigs.

3093 7 days Enlarged kidney in rats.

Long-term Exposure
(greater than 14 days)

Levels in Food Length of Exposure Description of Effects*
The health effects
resulting from long-
term animal exposure to
food containing specific
levels of ammonia are
not known.

Levels in Water (ppm)

564 90 days Reduced food intake and
poor weight gain in
rats.

1127 17 months High blood pressure and
enlarged adrenal glands
in rabbits.

7027 11 weeks Bone deformity and
softening in dogs.

21,609 36 days Swelling and infection in

kidneys of rabbits.

*These effects are listed at the lowest level at which they were
first observed. They may also be seen at higher levels.
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You can taste amonia in water at |evels of about 35 ppm Lower |evels
than this occur naturally in food and water. Swallowi ng even small anounts
of anmmonia in your househol d cl eaner m ght cause burns in your nouth and
throat. A few drops of liquid ammonia on the skin or in the eyes will cause
burns and open sores if not washed away qui ckly. Exposure to |arger anmounts
of ammonia in the eyes causes severe eye burns and can | ead to blindness.

M nimal Risk Levels (MRLs) are also included in Tables |-1 and 1-3. These
MRLs were derived from human and animal data for short-termand | ong-term
exposure, as described in Chapter 2 and in Tables 2-1 and 2-2. The MRLs
provide a basis for conparison with | evels that people night encounter
either inthe air or in food or drinking water. If a person is exposed to
amoni a at an anmount below the MRL, it is not expected that harnfu
(noncancer) health effects will occur. Because these |evels are based only
on information currently avail able, some uncertainty is always associ ated
with them Also, because the nethod for deriving MRLs does not use any

i nformati on about cancer, an MRL does not inply anything about the presence,
absence, or level of risk for cancer.

For nore information on | evels of exposure associated with effects,
see Chapter 2.

1.6 1S THERE A MEDI CAL TEST TO DETERM NE WHETHER | HAVE BEEN
EXPCSED TO AMMONI A?

There are tests that neasure ammpnia in blood and urine; however, these
tests would probably not tell you whether you have been exposed because
anmonia is normally found in the body. If you were exposed to harnfu
anounts of anmonia, you would notice it i mediately because of the strong
unpl easant snell, the strong taste, and the skin, eye, nose, and throat
irritation. This is discussed in greater detail in Chapters 2 and 6.

1.7 WHAT RFXOMMENDATI ONS HAS THE FEDERAL GOVERNMVENT MADE
TO PROTECT HUMAN HEALTH?

The Environnental Protection Agency (EPA) regul ates the ammoni a cont ent
in wastewater rel eased by several industries. Any discharges or spills of
amoni a of 100 pounds or nore, or of ammoniumsalts of 1000 or 5000 pounds
(dependi ng upon the conmpound) nust be reported to EPA

Some restrictions have been placed on | evels of amoniumsalts
all onabl e in processed foods. The U S. FDA (1973) deternined that the
| evel s of ammoni a and conpounds normally found in food do not pose a health
ri sk; ammonia i s necessary for normal functions. Maxi num al |l owabl e | evel s
in processed foods are as follows: 0.04 to 3.2% amoni um bi carbonate in
baked goods, grain, snack foods, and reconstituted vegetabl es; 2.0% amoni um
carbonate in baked goods, gelatins, and puddings; 0.001% ammoni um chl ori de
i n baked goods and 0.8% in condiments and relishes; 0.6-0.8% amoni um
hydr oxi de i n baked goods, cheeses, gelatins, and puddi ngs; 0.01% nonobasic
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ammoni um phosphate i n baked goods; 1.1% di basi c amoni um phosphate in baked
goods, 0.003% i n nonal coholic beverages, and 0.012% for condi ments and
relishes.

The Cccupational Safety and Health Adninistration (OSHA) has set a
short-term (15 minute) exposure limt of 35 ppm for ammoni a. The Nati onal
Institute for Cccupational Safety and Health (N OSH) recomrends that the
level in workroomair be limted to 50 ppmfor 5 m nutes of exposure.
Further information on governnmental reconmendations can be found in
Chapter 7.

1.8 WHERE CAN | CET MORE | NFORMATI ON?

If you have any nore questions or concerns not covered here, please
contact your State Health or Environnmental Departnent or:

Agency for Toxic Substances and Di sease Registry
Di vi si on of Toxi col ogy
1600 Cdifton Road, E-29
Atl anta, Georgia 30333

Thi s agency can al so give you infornation on the |ocation of the
nearest occupational and environmental health clinics. Such clinics
specialize in recogni zing, evaluating, and treating illnesses that result
from exposure to hazardous substances.
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2. HEALTH EFFECTS
2.1 I NTRODUCT| ON

Thi s Chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
ammonia. Its purpose is to present |evels of significant exposure for
ammoni a based on toxicol ogi cal studies, epidemological investigations, and
envi ronment al exposure data. This information is presented to provide
public health officials, physicians, toxicologists, and other interested
i ndividuals and groups with (1) an overall perspective of the toxicol ogy of
ammoni a and (2) a depiction of significant exposure |evels associated with
vari ous adverse health effects.

A prerequisite to understanding the potential health hazards
associated with environmental exposure to ammonia is an appreciation of
anmoni a as both a potentially toxic agent and an essential chem cal for
humans. Ammonia i s produced in the human body from nmetabolism of protein,
am no acids, and other nitrogen-containing chenicals. This endogenous
amoni a serves an inportant role in nitrogen netabolismand in the

mai nt enance of aci d/ base bal ance. A | arge anobunt of ammonia (>50 ng/kg) is

produced in the body each day as a result of the breakdown of dietary
protein and am no acids.

The considerable rate of endogenous anmoni a production is inportant to
consi der when evaluating the potential health effects of short or |ongterm
exposure to exogenous sources of anmoni a.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
living or working near hazardous waste sites, the data in this section are

organi zed first by route of exposure -- inhalation, oral, and dernmal -- and
then by health effect -- death, system c, inmmunol ogical, neurol ogical,

devel oprnental, reproductive, genotoxic, and carcinogenic effects. These
data are discussed in terns of three exposure periods -- acute,

i nternmedi ate, and chronic.

Level s of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in figures.
The points in the figures show ng no-observed-adverse-effect |evels (NOAELS)
or | owest-observed-adverse-effect |evels (LOAELs) reflect the actual doses
(l evel s of exposure) used in the studies. LOAELs have been classified into
"l ess serious” or "serious" effects. These distinctions are intended to
hel p the users of the docunent identify the | evels of exposure at which
adverse health effects start to appear, determ ne whether or not the
intensity of the effects varies with dose and/or duration, and place into
perspective the possible significance of these effects to human heal th.

The significance of the exposure | evels shown on the tables and graphs
may di ffer depending on the user's perspective. For exanple, physicians
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concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to devel op such

di sease may be interested in | evels of exposure associated with "serious”
effects. Public health officials and project managers concerned with
response actions at Superfund sites nmay want information on |evels of
exposure associated with nore subtle effects in humans or animals (LOAEL) or
exposure | evels bel ow which no adverse effects (NOAEL) have been observed.

Estimates of levels posing mnimal risk to humans (mninmal risk |evels,
MRLs) are of interest to health professionals and citizens alike.
Esti mat es of exposure levels posing minimal risk to humans (MRLs) have
been made, where data were believed reliable, for the npost sensitive
noncancer end point for each exposure duration. MRLs include adjustnments to
reflect human variability and, where appropriate, the uncertainty of
extrapolating from| aboratory animal data to humans. Al though net hods have
been established to derive these levels (Barnes et al. 1987; EPA 1989),
uncertainties are associated with the techni ques. Furthernore, ATSDR
acknow edges additional uncertainties inherent in the application of these
procedures to derive less than lifetine MRLs. As an exanple, acute
i nhal ati on MRLs may not be protective for health effects that are delayed in
devel opnment or are acquired follow ng repeated acute insults, such as
hypersensitivity reactions, asthma, or chronic bronchitis. As these kinds
of health effects data becone avail abl e and nethods to assess | evel s of
significant human exposure inprove, these MRLs will be revised.

In the discussion of effects of ammoni a by route of exposure, it is
necessary to consi der anmoni um conpounds for oral exposure because ora
studies in animals generally involve exposure to anmoni um salts or amoni um
hydr oxi de. | nhal ati on exposure involves exposure to anmoni a gas. Although
i nhal ati on exposure to aerosols of ammoni um conpounds is conceivable, no
studi es were | ocated regarding inhal ati on exposure of humans or aninals to
other forms of anmoni a.

2.2.1 I nhal ati on Exposure
2.2.1.1 Deat h

There are many reports in the literature of human deaths resulting from
i nhal ati on of ammonia (Burns et al. 1985; Close et al. 1980; Couturier
et al. 1971; Heifer 1971; Price et al. 1983; Sobonya 1977; Yang et al.
1987). Most of these reports are of acute accidental exposure to
concentrated aerosols of anhydrous anmmonia. A review of the early
literature on ammonia toxicity cites short-term exposure to 5000-10, 000 ppm
as being rapidly fatal in humans (Henderson and Haggard 1927, Ml der and Van
der Zal m 1967). I mredi ate deaths resulting fromacute exposure to anmpni a
appear to be caused by airway obstruction while infections and ot her
secondary conplications are |ethal factors anong those who survive for
several days or weeks. Chem cal burns and edema of exposed tissues,
including the respiratory tract, eyes and exposed skin, are often observed
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after exposure to lethal levels. No reports of human death due to
i ntermedi ate or chronic exposure to amoni a were | ocat ed.

As shown in Table 2-1, studies in animals indicate that the acutely
| et hal exposure concentrati on depends on the exposure duration. The | ethal
concentration in rats and mce increases 5-10 tines as the exposure duration
decreases from 16 hours to several mnutes (Hilado et al. 1977; Kapeghi an
et al. 1982; Prokop'eva et al. 1973; Wedon et al. 1940). Exposure
frequency al so appears to be an inportant factor in determining lethality.
Conti nuous exposure to 653 ppmfor 25 days resulted in nearly 64%lethality
inrats, whereas intermttent exposure to nearly twice this concentration
was tolerated for 42 days (Coon et al. 1970). It appears that nale rats are
nore sensitive than female rats to the lethal effects of ammoni a (Appel man
et al. 1982; Stupfel et al. 1971). Aninmals exposed to acutely |ethal
concentrations show severe lesions in the respiratory tract that are
simlar to those observed in humans. Less severe |lesions of the liver,
heart, and ki dney have been observed foll ow ng continuous |ong-term exposure
to lethal concentrations (Coon et al. 1970). However, these probably
represent secondary conplications fromchronic respiratory tract injury.

2.2.1.2 Systemc Effects

Respiratory Effects. Amonia is an upper respiratory irritant in
humans. Exposures to | evels exceeding 50 ppmresult in imediate irritation
to the nose and throat; however, tol erance appears to develop with repeated
exposure (Verberk 1977). Thus, subjects exposed to 100 ppm for 6 weeks
experienced nose and throat irritation only during the first week (Ferguson
et al. 1977). Acute exposure to higher |evels (500 ppm) have been shown to
increase respiratory mnute volume (Silvernan et al. 1949). Buff and Kol l er
(1974) suggest that this is due to an effect on "irritant receptors" in the
lungs resulting in increased activity of reflex respiratory mnuscl es.

Acci dental exposures to concentrated aerosols of anhydrous ammoni a or high
concentrations of ammoni a gas have resulted in nasopharyngeal and trachea
burns, airway obstruction and respiratory distress, and bronchiolar and

al veol ar edenm (Burns et al. 1985; Cose et al. 1980; Couturier et al. 1971;
Hatton et al. 1979; Heifer 1971; Price et al. 1983; Sobonya 1977; Taplin

et al. 1976). Chronic occupational exposure (about 14 years) to |low |l evels
of airborne amonia (12.5 ppn) had no effect on pul nonary function or odor
sensitivity in a group of workers at a soda ash factory conpared to a
control group fromthe sanme factory that was not exposed to ammoni a (Hol ness
et al. 1989). An acute inhalation MRL of 0..5 ppmwas derived fromthe
Verberk (1977) study, and a chronic inhalation MEL of 0.3 ppm was derived
fromthe Holness et al. (1989) study; MRLs are presented in Table 2-1 and
Figure 2-1.

Studies in animals have denpnstrated sim | ar dose-effect and duration
ef f ect
patterns for the respiratory tract. Acute exposures to |ow concentrations of

ammni a (<1000 ppm) irritate the upper respiratory tract whereas exposures to
hi gh concentrations (>4000 ppm) result in severe damage



TABLE 2-1. Levels of Significant Exposure to Ammonia - lnhalation
Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Duration Effect NOAEL Less Serious Serious Reference
: (ppm) (ppm) (ppm)
ACUTE EXPOSURE
Death
1 Human 1d 50002 (Rapidly fatal) Henderson and
30 min/d Haggard 1927
2 Rat 1d 1000° (LCgq) Weedon et al.
16 hr/d 1940
3 Rat 1d 17,401  (LCgp) Prokop'eva et al.
15 min/d 1973
4  Mowse 1d 1000° (LC5) Weedon et al.
16 hr/d 1940
5 Mouse 1d 21,430 (LCgp) Hilado et al.
30 min/d 1977
6 Mouse 1d 11,299 (iCgq) Prokop'eva et al.
60 min/d 1973
7 Mouse 1d 4230 (LCgq) Kapeghian et al.
1 hr/d 1982
8 Rabbit 1d 10,050 (LCgq) Boyd et al. 1944
1 hr/d
9 Cat 1d 10,050 (LCgq) Boyd et al. 1944
1 hr/d
Systemic
10 Human 1d ' Resp 5002 (Wasal and throat Silverman et al.
30 min/d irritation; increased 1949

Cardio 500

minute volume)
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TARLE 2-1 (Continued)

EKG change)

Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Duration Effect NOAEL Less Serious Serious Reference
(ppm) (ppm) ‘ (ppm)
Systemic
1 Human 1d Resp 50%/C (Urge to cough, Verberk 1977
2 hr/d irritation to nose
throat)
Derm/oc 502 (Irritation to eyes)
12 Rat 1 wk Resp 500 (Irritation) Richard et al.
24 hr/d 1978a
Renal 500
Other 500b (Decreased bw and
food intake)
13 Rat 7d Resp 714  (mild epithelial damage) Schaerdel et al.
Renal 714 1983
Derm/oc 714
Other 714
14 Mouse 1 hr Resp 4070 (Alveolar destruction) Kapeghian et al.
Cardio 4070 (Atrophy of pericardial 1982
fat)
Hemato 4070 (Intra-alveolar hemorrhage,
vascular congestion)
Hepatic 4070 (Increased weight,
b necrosis)
15 Rabbit 1d Resp 50" (Decreased respiratory Mayan and Merilan
3 hr/d rate, respiratory depth 1972
increased)
Hepatic 100
Renal 100
T 16 Rabbit 1 wk Resp 225 1105 (Temporary dyspnea) Coon et al. 1970
S drwk Derm/oc 155 1105 (Temporary tacrimation)
8 hr/d
17 Rabbit 1d Resp 5000 (Acute pulmonary edema) Richard et al.
60 min/d Cardio 2500 (Bradycardia) 5000 (Hypertension, acidosis, 1978b

"z
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TABLE 2-1 (Continued)

Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Duration Effect NOAEL Less Serious Serious Reference
(ppm) (ppm) (ppm)
Systemic
18 Dog 1 wk Resp 155 770 (Temporary dyspnea) Coon et al. 1970
S d/wk
8 hr/d
19 Pig 1 wk Resp 100 (Excessive nasal Drummond et al.
secretion, coughing) 1980
tracheal inflammation)
Derm/oc 50 (Excessive lacrimation)
Other 50 (Reduced weight gain)
20 Pig i wk Hemato 100 Doig and
Derm/oc 100 (Ocuiar irritation) Willoughby 1971
21 Pig 3d Resp 10 5P (Frequent coughing, Stombaugh et al.
oral and nasal 1969
b irritation)
Derm/oc 10 SDb (Ocular irritation)
Other 10 50~ (Reduced weight gain,
reduced food intake)
Immunological
22 Mouse 7d SDOb (Decreased resistance to Richard et al.
26 hr/d infection) 1978a
Neurological
23 Rat id 100b (Aversion to sensory Tepper et al.
6 hr/d irritation) 1985
T4 Mouse 5d 500 (Lethargy; altered Sadasivudu et al.
enzyme activity) 1979
25 Mouse 1d 100 (Aversion to sensory Tepper et al.
6 hr/d irritation) 1985
26 Pig 4 wk 50 100 (Lethargy) Drummond et al.

1980

Z
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TABLE 2-1 (Continued)

Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Duration Effect NOAEL Less Serious Serious Reference
(ppm) (ppm) (ppm)
INTERMEDIATE EXPOSURE
Death
27 Rat 90 d 376 6530 (99% death) Coon et al. 1970
28 Dog 6 wk 1105 Coon et al. 1970
5 d/wk
8 hr/d
Systemic
29 Human 6 wk Resp 50 100% (Transient irritation Ferguson et al.
5 dfwk of nose and throat) 1977
6 hr/d
Derm/oc 50 1002 (Transient eye
irritation)
Cardio 100
30 Rat 6 wk Resp 225 1105 (Temporary dyspnea, Coon et al. 1970
5 d/wk non-specific
8 hr/d inflammation)
Cardio 1105
Hemato 1105
Hepatic 1105
Renal 1105
Derm/oc 1105 (Temporary lacrimation)
3 Rat 4 wk Resp 150 (Nasal lesions, Broderson et al.
24 hr/d epithelial hyperplasia) 1976
Cardio 150 (Localized vascular
dilatation)
32 Rat 90 d Resp 182 376 (Mild nasal discharge) 653 (Interstitial pneumonitis) Coon et al. 1970
in 25% animals)
Cardio 376 653 (Myocardial fibrosis)
Hepatic 376 . 653 (Fatty changes of liver ‘
plate cells)
Renal 376 653 (Renal tubular calcification)

A
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TABLE 2-1 (Continued)

Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Duration Effect NOAEL Less Serious Serious Reference
(ppm) (ppm) (ppm)
Systemic
33 Gn Pig 3 wk Resp 90 Targowski et al.
Hemato 90 1984
Other 90
34 Gn Pig 18 wk Resp 170 Weatherby 1952
5 d/wk Cardio 170
6 hr/d Gastro 170
Hemato 170 (Increased hemosiderin)
Hepatic 170 (Congestion)
Renal 170 (Congestion)
35 Gn Pig 6 wk Resp 225 1105 (Non-specific Coon et al. 1970
5 d/wk inflammation)
8 hr/d Hemato 1105
Hepatic 1105
Renal 1105
Derm/oc 1105
Cardio 1105
36 Rabbit 114 d Resp 57 Coon et al. 1970
Cardio 57
Hemato 57
Hepatic 57
Renal 57
Derm/oc 57
37 Monkey 6 wk Resp 225 (Focal pneumonitis) Coon et al. 1970
5 hr/wk Cardio 1105
8 hr/d Hemato 1105
Hepatic 1105
Renal 1105
Derm/oc 1105

4
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TABLE 2-1 (Continued)

Exposure

Figure frequency/ LOAEL (Effect)

Key Species  Duration Effect NOAEL Less Serious Serious Reference

(ppm) (ppm) (ppm)

Immunological

38 Rat 4 wk 25 (Enhanced severity of Richard et al.
24 hr/d infection by Mycoplasma) 1978a

39 Gn Pig 3wk 90 (Decreased immune Targowski et al.

response) 1984
40 Pig 31-45 d 100 (Increased conc. of gamma Neumann et al.
globulin) 1987

Neurological

41 Gn Pig 6 wk 1105 Coon et al. 1970
S d/wk
8 hr/d

42 Monkey 6 wk 1105 Coon et al. 1970
5 hr/wk
8 hr/d

CHRONIC EXPOSURE

Systemic d

43 Human 15 yr Resp 12.5 Holness et al.
S d/wk Derm/oc 12.5 1989
8 hry/d

Spresented in Table 1-1.
bPresemed in Table 1-2.

.cUsed to derive acute MRL of 0.5 ppm, which is presented in Table 1-1; concentration divided by an uncertainty factor of 100 (10 for human

variability and 10 for use of a LOAEL).
dysed to derive chronic inhalation MRL of 0.3 pom, which is presented in Table 1-1; concentration adjusted for intermittent exposure and

divided by an uncertainty factor of 10 for human variability.

bw = body weight; Cardio = cardiovascular; d = day; Derm/oc = dermal/ocular; Hemato = hematological; gastro = gastrointestinal;
Gn Pig = guinea pig; hr = hour; min = minute; Resp = respiratory; wk = week.
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to the upper and lower respiratory tract and al veol ar capillaries (Coon et
al . 1970; Kapeghian et al. 1982; Mayan and Merilan 1972; Richard et al.
1978a, b; Schaerdel et al. 1983; Stonmbaugh et al. 1969). Prol onged or

repeat ed exposures to lower |evels (2150 ppm produce inflanmtion and

| esions of the respiratory tract (Broderson et al. 1976; Coon et al. 1970).
Al reliable LOAELS and hi ghest NOAELS are presented in Table 2-1 and
Figure 2-1.

Cardi ovascul ar Effects. Acute exposure to highly concentrated
aerosol s of ammoni a may cause el evated pul se and bl ood pressure and cardi ac
arrest in humans (Hatton et al. 1979; Montague and Macneil 1980; Wite
1971). These effects do not occur after acute exposure to 500 ppm amoni a
or repeated exposure to 100 ppm anmoni a (Ferguson et al. 1977; Silverman et
al . 1949).

Car di ovascul ar changes that may be anal ogous to those observed in
humans have been observed in rabbits exposed to high concentrations of
anmoni a (Richard et al. 1978b). Bradycardia, hypertension, and cardi ac
arrhythm as | eadi ng to cardi ovascul ar col |l apse foll ow acute exposures to
concentrations exceedi ng 5000 ppm Pathol ogical correlates for these
ef fects have not been denonstrated. Atrophy of pericardial fat has been
observed in mce exposed to 4000 ppm ammoni a (Kapeghi an et al. 1982).
Myocardi al fibrosis has been observed in rats that died after prolonged
conti nuous exposure to 653 ppm (Coon et al. 1970). The functiona
significance of these | esions have not been el ucidated. Reliable LOAELS and
hi ghest NOAELS for cardiovascul ar effects are presented in Table 2-1 and
Figure 2-1.

Gastrointestinal Effects. Exposure to highly concentrated aerosols of
anhydr. ous ammoni a can produce burns of the lips, oral cavity, and pharynx,
along with edema of these areas (Hatton et al. 1979; Levy et al. 1964; Price
et al. 1983; Stroud 1981; Ward et al. 1983; Yang et al. 1987).
Gastrointestinal effects of anmonia in animals have not been reported. As
shown in Table 2-1, pathol ogical changes in the gastrointestinal tract were
not observed in guinea pigs exposed repeatedly to 170 ppm anmoni a
(Weat her by, 1952).

Hemat ol ogi cal Effects. Cyanosis, elevated white blood cell count, and
pul monary artery thronbosis have been observed in humans exposed to highly
concentrated aerosols of anhydrous ammoni a (Sobonya 1977; Taplin et al.
1976; Voisin et al. 1970; Ward et al. 1983; Wite 1971).

St andard hemat ol ogi cal neasurenents, including blood henogl obin and
differential cell counts, have been reported for a few ani mal species. As
shown in Table 2-1 and Figure 2-1, acute effects of amoni a have not been
denmonstrated (Doig and W I I oughby 1971). Repeated exposure to 1100 ppm had
no effect on hematol ogi cal paraneters in guinea pigs, rats, and rabbits
(Coon et al. 1970). Weatherby (1952) reported increased concentrations of
henpsiderin in the spleen of guinea pigs exposed to 170 ppm anmoni a for
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18 weeks. This suggests the possibility of increased turnover of red bl ood
cells; however, this has not been corroborated.

Muscul oskel etal Effects. Spasnms of nuscles of the extremties have
resulted fromacute exposure of humans to highly concentrated aerosols of
anhydrous amonia (Wite 1971).

Hepatic Effects. Henorrhagi c necrosis of the liver was observed in an
i ndi vi dual exposed to a |ethal concentration of anmonia vapors for a short
period of time (Heifer 1971). No other cases of hepatic effects have been
reported. Hepatic effects are usually not seen in aninals exposed to
ammoni a. As shown in Table 2-1, liver necrosis has been observed foll ow ng
acute |l ethal exposure to ammonia and foll owi ng conti nuous | ong-term exposure
to anmoni a, but not at |ower, nonlethal exposure concentrations (Coon et al.
1970; Kapeghian et al. 1982; Myan and Merilan, 1972).

Renal Effects. No studies were |ocated regarding renal effects in
humans after inhal ati on exposure to ammonia. In animals, renal effects do
not appear to be an inportant feature of the toxicity of inhaled anmonia.
Ef fects reported have not been corroborated or cannot be interpreted. MId
abnormalities in the renal tubules have been described in guinea pigs
exposed to 170 ppm for 18 weeks; however, renal effects at this relatively
| ow | evel have not been corroborated (Weatherby 1952). Exposure to nore
than 6 tines this concentration for 6 weeks did not result in pathol ogica
changes to the kidney (Coon et al. 1970). Renal tubular calcification
(severity not reported) has been reported in rats exposed to near | ethal
I evel s (Coon et al. 1970).

Dermal / Ocul ar Effects. Ammoni a gas and aerosol s of anhydrous ammoni a
are dermal and ocular irritants in humans and animals. These effects are
described in the di scussion of dermal and ocul ar effects associated with
dermal and ocul ar exposure (Section 2.2.3.2).

O her Systemic Effects. A study was reported in which human subjects
wer e exposed continuously to low levels of amonia (3-7 ppm) for up to 37
days (Kal andarov et al. 1984). Although detail ed observations were not
presented, apparently this exposure was tol erated w thout obvious synptons
of ill health.

Reduced body wei ght has been observed in rats exposed to 500 ppm
(Richard et al. 1978a). No effects were noted on body wei ght of mnice or
pigs within the ranges tested; however, pigs gained | ess weight and showed
decreased appetite when exposed to 50 ppm ammonia for 4 or 5 weeks (Drumond
et al. 1980; Stonbaugh et al. 1969).

2.2.1.3 | mmunol ogi cal Effects

Secondary infections often conplicate the clinical outconme of burns and
respiratory lesions related to exposure to highly concentrated aerosols of
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anhydrous amoni a (Sobonya 1977; Taplin et al. 1976). However, there is no
evi dence that the decreased resistance represents a primary inpairnment of
the i mmune systemin hurmans. Neverthel ess, as shown in Table 2-1 and Figure
2-1, studies in animals have shown that acute and | ong-term exposure to
amoni a can decrease the resistance to bacterial infection and decrease

i mmune response to infection. A significant increase in nortality was
observed in nice exposed to anmonia for 168 hours foll owed by exposure to
the LD, of Pasteurella nultocida (Richard et al. 1978a). Exposure of rats
to ammonia at 25 ppmor greater for 4-6 weeks follow ng inoculation with
Mycopl asma pul nonis intranasally significantly increased the severity of
respiratory signs characteristic of nurine respiratory nycopl asnosi s
(Broderson et al. 1976). Guinea pigs exposed to ammoni a for 3 weeks

devel oped a significant decrease in the cell-nediated i nmune response to
chall enge with a derivative of tuberculin (Targowski et al. 1984).
Furthernore, the response of bl ood and bronchial |ynphocytes to mtogens
(phyt ohemaggl uti nin, concanavalin A, purified protein derivative of
tuberculin) was narkedly reduced.

2.2.1.4 Neur ol ogi cal Effects

Case reports of accident victinms exposed to highly concentrated
aerosol s of anhydrous anmoni a describe blurred vision, diffuse nonspecific
encephal opat hy, | oss of consciousness, and decreased deep tendon refl exes
(Hatton et al. 1979; Wite 1971). As shown in Table 2-1 and Figure 2-1,
| et hargy has been reported follow ng acute exposure to | ower |evels (100-500
ppm) . Acute exposure to |low | evels of anmmonia (100 ppm) has been shown to
depress free-access wheel running behavior in rodents (Tepper et al. 1985).
This nmay represent avoi dance of sensory or upper airway irritation, but
t hese sanme effects can be seen after injection of ammoniumsalts
(Section 2.4). No overt synptons of neurol ogical disorders were reported in
gui nea pigs or nonkeys that were exposed to up to 1105 ppm anmonia for 6
weeks (Coon et al. 1970).

No i nformation was | ocated regarding the follow ng effects of amoni a
in humans or animals foll ow ng inhalation exposure:

2.2.1.5 Devel opnmental Effects
2.2.1.6 Reproductive Effects
2.2.1.7 Genotoxi c Effects
2.2.1.8 Cancer

Carci nogeni c potential of amonia by the inhalation route has not been
assessed in hunmans or aninmals. One case report was found of a white nmale
who devel oped epi dermal carcinoma of the nasal septum 6 nonths after being

badly burned by accidental contact with a refrigeration anmoni a-oil nixture
(Shinkin et al. 1954). If ammonia played a role in the devel opnment of this
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cancer, it was nost likely due to dermal exposure, not inhalation, since the
substance was oily. However, sone of the ammonia was probably inhaled into
the nasal vestibul e and absorbed into nasal mucous. No other such reports
were | ocated, although other cases of inhalation exposure to anmonia from
spills have been followed for nore than 6 nonths after exposure. No

i nformati on was | ocated regardi ng cancer in animals follow ng inhal ation
exposure to amoni a.

2.2.2 Oral Exposure

As di scussed in Chapter 3, anmonia in aqueous solution exists in
equi l i briumw th amoni um hydr oxi de, a weak base, which is partially ionized
in water. Information available for humans exposed to anmonia by the oral
route usually involved case reports of people who swall owed househol d
anmoni a (ammoni um hydr oxi de). Studies by the oral route in aninmals
general ly have used ammoni um salts or amoni um hydroxi de. For these
reasons, oral doses are expressed as ng NH,/kg/day, given as the
particul ar ammoni um conmpound.

2.2.2.1 Deat h

Human deat hs due to ingestion of household amoni a have been reported
(Klein et al. 1985; Klendshoj and Rejent 1966), but no quantitative data for
oral exposure in humans were | ocated. As shown in Table 2-2 and Figure 2-2,
303 nmg anmoni unf kg as ammoni um chloride is a | ethal dose in guinea pigs
when gi ven as single gavage dose (Koenig and Koenig 1949). Death, in this
case, resulted from pul nonary edema. Cats, rabbits, and rats survived
after a sinmlar dose of ammoni um (337 ng ammoni unf kg gi ven as anmoni um
chl oride) than guinea pigs (Boyd and Seynour 1946).

2.2.2.2 Systemic Effects

Respiratory Effects. No information was | ocated regarding respiratory
effects of amonia or amoni um conpounds in humans foll owi ng oral exposure.
Qui nea pigs that received single gavage doses of anmoni um chl ori de devel oped
serious respiratory effects including increased rate and depth of
respiration, pulnmonary edema, and death by respiratory failure (Koenig and
Koeni g 1949). Because the bl ood pH of the guinea pigs decreased after
adm ni stration of ammoni um chl oride, adjustnents in respiratory rate and
depth nmay have been a conpensatory mechanismfor acidosis. Simlarly,
prol onged repeat ed doses of ammonium chloride in animals result in netabolic
aci dosi s and conpensatory changes in respiratory rate and tidal vol unme
(Seegal 1927). The low blood pHresults in increased lung ventilation
whi ch increases the elinmnation of carbon dioxide fromthe bl ood, and
therefore, can be considered a conpensatory response to acidosis rather than
a direct effect of amoniumon the lungs or respiratory center. Chloride
i on from ammoni um chl ori de probably caused the devel opnent of acidosis in
t he ani mal studies.



TABLE 2-2. Levels of Significant Exposure to Aammonia and Ammonium Compounds - Oral

Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Route Duration Effect NO\QEL Less Ssrious Ser;ious Reference Form
(mg NH,/kg/d) (mg NH,/kg/d) (mg NH,/kg/d)
ACUTE EXPOSURE
Death
1 Rat (G) 1d 337 Boyd and NH,CL
Seymour 1946
2 6nPig (& 1d 303 (Death due to Koenig and  NH,CL
pulmonary edema) Koenig 1949
3 Rabbit  (G) td 337 Boyd and NH4Cl
Seymour 1946
4 Cat (G) 1d 337 Boyd and NH,CL
Seymour 1946
Systemic
5 Rat (W) 6d Hemato 977 (Elevated serum Barzel 1975 NH4Cl
calcium)
6  Rat @ 7d Renal 433P (Renal enlargement Janicki 1970 NH,CL
Other 433 (Increased enzyme)
7 GnPig (G 1d Resp 3032 (Pulmonary edema) Koenig and  NH,Cl
Koenig 1949
INTERMEDIATE EXPOSURE
Systemic
8 Rat (W) 90 d Cardio s’ Gupta et al. NH/NH,SO;
6 d/wk Gastro 79
Hemato 79
Hepatic 4%
Renal 79 d
Other 40 79% (Reduced food
intake,
reduced body
weight)
9 Rat (W) 3 wk Renal 412 Freedman and NH,CL

Beeson 1961
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TABLE 2-2 (Continued)

Exposure
Figure Frequency/ LOAEL (Effect)
Key Species Route Duration Effect NOA}EL Less SErious Se;ious Reference Form
(mg NH,/kg/d) (mg NH,/kg/d) (mg NH,/kg/d)
10 Rabbit  (G) 234 d Resp 14,722 (Decreased Seegal 1927 NH, CL
respiratory rate,
increased
respiratory volume)
Musc/skel 14,722 (Osteoporosis)
Renal 14,722 (Swollen tubular
epithelium;
tubular degeneration)
11 Rabbit (G) 36 d Renal 21’:77f (Tubular epithelium) Seegal 1927 NH,CL
swol len, slight
spontaneous
nephritis)
12 Rabbit (6) 17 mo Cardio 1249 (Altered blood Fazekas 1939 NH,OH
pressure)
Other 1249 (Enlarged adrenal
glands;
altered bw)
13 Rabbit  (G) 18 d Renal 1558 Seegal 1927  NH,CL
14 Dog (G) 11 wk Musc/skel 337”I (Bone deformity Bodansky NH,CL
and softening) et al. 1932
CHRONIC EXPOSURE
Systemic
15 Rat (U)) 330 d Musc/skel 991 (Bone loss) Barzel and NH CL
Other 991 (Reduced bw) Jowsey 1969

3converted to an equivalent concentration of 1192 ppm in drinking water for presentation Table 1-4.

Converted to an equivalent concentrationof 3093 ppm in drinking water for presentation in Table 1-4.
Cused to derive intermediate oral MRLof 0.3 NM,/kg/d; dose adjusted for intermittent exposure and divided by an uncertainty factor of 100 (10
for extrapolation from animals to humans, 10 for human variability.

This MRL has been converted to an equivalent concentration in water (10 ppm) for presentation in Table 1-3.

Cconverted to an equivalent concentration of 564 ppm in drinking water for presentation in Table 1-4.

Converted to an equivalent concentration of 21,609 ppm in drinking water for presentation in Table 1-4.

9converted to an equivalent concentration of 1127 ppm in drinking water for presentation in Table 1-4.

Converted to an equivalent concentration of 7027 ppm in drinking water for presentation in Table 1-4.

bw = body weight; Cardio = cardiology; d = day; (G) = gavage; Gastro = gastrointestinal; Gn Pig = guinea pig; Hemato = hematological;
kg = kilogam; mo = month; Musc/skel = muscular/skeletal; NH,Cl = ammonium chloride; NH,OH = ammonium hydroxide; NH NH,SO; = ammonium
sul famate; Resp = respiratory; (W) = water; wk = week.
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FIGURE 2-2. Levels of Significant Exposure to Ammonia and Ammonium

Compounds - Oral
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2. HEALTH EFFECTS

Cardi ovascul ar Effects. No informati on was | ocated regarding
cardi ovascul ar effects of ammonia or ammoni um conpounds in humans foll ow ng
oral exposure. No pathol ogi cal abnormalities were noted in the hearts of
adult and weanling rats fed doses of up to 79 ng amoni uni kg/ day as anmoni um
sul famate for 90 days in drinking water (Gupta et al. 1979). Repeated
gavage doses of 124 ng amoni a/ kg/ day as anmoni um hydroxi de for 17 nonths in
rabbits resulted in an initial drop in blood pressure, followed by a gradual
rise of 10-30 mmHg above baseline | evels (Fazekas 1939). These data are
presented in Table 2-2 and Figure 2-2.

Gastrointestinal Effects. Children who bit into aromati c ammoni a
spirits capsul es responded by vomting and drooling, and suffered burns of
the oral and pharyngeal areas (Lopez et al. 1988). Esophageal |esions and
edema were reported in three persons who ingested househol d anmoni a
(amoni um hydroxide) (Klein et al. 1985). These observati ons were not
quantified. The effects are probably due to the al kaline nature of ammoni um
hydr oxi de. As shown in Table 2-2 and Figure 2-2, no histopathol ogi cal
abnormalities of the gastrointestinal tract were observed in adult or
weanl ing rats admini stered doses of up to 74.8 ng amoni um kg/ day as
amoni um sul famate for 90 days via drinking water (Gupta et al. 1979).

Hemat ol ogi cal Effects. No informati on was | ocated regarding the
hemat ol ogi cal effects of anmmoni a or anmoni um conpounds in humans fol |l ow ng
oral exposure. Repeated exposure to ammoniumchloride in animls resulted
in netabolic acidosis and rel ated changes in bone netabolismand serum
cal cium For exanple, rabbits fed diets containing high |evels of ammoni um
chl oride had increased serum cal cium (Barzel, 1975). The increased serum
calciumresulted from enhanced dem neralization of bone in response to
chronic acidosis. This effect was not found to be a specific effect of
anmoni um and was reported to occur in states of chronic netabolic acidosis
produced from repeated doses of acidifying agents (e.g., hydrochloric acid,
sul furic acid). As shown in Table 2-2 and Figure 2-2, no effects on bl ood
henogl obi n or bl ood cell counts were observed in adult or weanling rats that
recei ved doses of up to 79 ng amoni um kg/ day adm ni stered as anmmoni um
sul famate in drinking water (Gupta et al. 1979).

Muscul oskel etal Effects. No information was | ocated regarding
muscul oskel etal effects of anmonia or amroni um conpounds in humans foll ow ng
oral exposure. Quinea pigs and rats that received | ethal gavage doses of
ammoni um chl ori de devel oped nuscl e weakness, fascicul ation, and
i ncoordi nati on (Koenig and Koenig 1949). In other aninmal studies, repeated
exposure to amonium salts resulted in netabolic acidosis, which stinmulated
bone dem neralization. As is shown in Table 2-2 and Figure 2-2, repeated
exposure to ammonium chloride in drinking water resulted in net bone
resorption in rabbits and bone defornities in dogs (Barzel and Jowsey 1969;
Bodansky et al. 1932; Seegal 1927). This effect can be anticipated with
repeat ed exposure to any acidifying agent.
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Hepatic Effects. No information was | ocated regardi ng hepatic effects
of ammoni a or amoni um conpounds in humans foll owi ng oral exposure. As
shown in Table 2-2 and Figure 2-2, no toxic effects were noted in livers of
adult or weanling rats fed doses of up to 79 ng ammoni unf kg/ day as ammoni um
sul fanmate for 90 days in drinking water (Gupta et al. 1979).

Renal Effects. Renal failure was identified as the cause of death in
humans after ingestion of an unknown amount of househol d ammoni a (anmmoni um
hydroxide) (Klein et al. 1985). It is not certain if this represents a
primary effect of ammoniumor is secondary to nassive burns to the
gastrointestinal tract.

Renal effects have been observed in aninmals follow ng repeated ora
doses of ammoni um chl oride. These effects may be secondary to chronic
acidosis produced fromthe chloride ion rather than froma direct effect of
anmoni a on the kidney. Renal enlargenent, increased ammonia content, or
i ncreased urinary anmoni a, have been reported in rats (Benyajati and
Col dstein 1975; Janicki 1970; Lotspeich 1965;), but are unlikely to be
i ndicative of renal pathology. Renal tubular swelling, slight spontaneous
nephritis, and aci dosis have been observed in rabbits (Seegal 1927). The
hi ghest NOAELS and LOAELS are presented in Table 2-2 and Figure 2-2

Dermal / Ocul ar Effects. No information was | ocated regardi ng dermal or
ocul ar effects of ammonia or ammoni um conpounds in humans or ani mals
foll owi ng oral exposure.

O her Systemic Effects. ther system c effects that have been
observed in aninmals including enlarged adrenal glands (Fazekas 1939) and
decreased body wei ght or weight gain (Barzel and Jowsey 1969; CGupta et al
1979; Noda and Chi kanmori 1976). NOAELs and LOAELs for these effects are
reported in Table 2-2 and Figure 2-2. Enlarged adrenal gl ands were observed
in rabbits that received 124 ng amoni um kg/ day as amoni um hydr oxi de by
gavage in water for 17 nonths (Fazi kas 1939). Gupta et al. (1979) noted
i ncreased water intake and reduced food intake in weanling rats, and
decreased body weight in adults but not weanlings fed 79 ng ammoni uni kg/ day
in drinking water for 90 days as amoni um sul famate. This represents the
LOAEL for this effect. A NOAEL of 40 ng ammoni unf kg/ day was al so identified
inthis study (see Tables 1-3, |-4, and 2-2, and Figure 2-2). Based on this
value, an internediate oral MRL of 0.3 ng anmoni uni kg/ day was cal cul ated as
described in the footnote in Table 2-2.

2.2.2.3 I mmunol ogi cal Effects

No information was |ocated regarding i munol ogi cal effects of anmmonia
or ammoni um conpounds in humans or animals after oral exposure.
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2.2.2.4 Neur ol ogi cal Effects

No i nformation was | ocated regardi ng neurol ogi cal effects of anmonia or
amoni um conpounds i n humans after oral exposure.
Qui nea pigs and rats that received | ethal gavage doses of anmoni um
chl ori de devel oped neuronuscul ar effects including fascicul ati on;
i ncoordi nati on; hyperexcitability to tactile, auditory, and painful stimuli;
and tonic convul sions (Koenig and Koeni g 1949).
No i nformation was | ocated regarding the follow ng effects of amoni a
or ammoni um conpounds in hunmans or animals follow ng oral exposure:

2.2.2.5 Devel opnmental Effects
2.2.2.6 Reproductive Effects
2.2.2.7 Genot oxi c Effects
2.2.2.8 Cancer

No information was | ocated regardi ng carcinogenic effects of amonia or
ammoni um conpounds i n humans foll owi ng oral exposure. Exposure of mice to
193 ng anmoni um kg/ day as anmoni um hydroxi de in drinking water for 2 years
did not produce carcinogenic effects, nor did it affect spontaneous
devel opnent of breast cancer that is common to CH fenale mce (Toth 1972).
No evi dence of a carcinogenic effect was found in mice treated by gavage
with amoni a di ssolved in water alone at a dose of 42 ng/kg/day for 4 weeks
or with diethyl pyrocarbonate alone, but 9/16 nice treated with a
conbi nati on of anmoni a and pyrocarbonate devel oped lung tunors. The ammoni a
and pyrocarbonate nmay have reacted in vivo to formthe carci nogen, urethane,
whi ch produced lung tunors in 9/9 of the mce (Uzvol gyi and Bojan 1980). No
lung tunors were observed in the offspring of mce exposed simlarly to
anmoni a and di ethyl pyrocarbonate during pregnancy or during |actation
(Uzvol gyi and Boj an 1985).

2.2.3 Der mal Exposure

Dermal exposure to ammonia may also result in sone inhal ation exposure.
Therefore, based on the available data, it is not always clear to what
extent each route of exposure contributes to the toxicity observed in dermal
exposure studies.

2.2.3.1 Deat h

Human and ani mal deat hs invol ving dermal and ocul ar exposure to anmoni a
have been reported (Prokop'eva et al. 1973; Slot 1938; Sobonya 1977), but
extent of exposure is not known, and effects are probably due to inhal ation
exposure, as well. These data are presented in Table 2-3.



Levels of Significant Exposure to Ammonia - Dermal

TABLE 2-3.
Exposure
Frequency/ LOAEL (Effect)
Species Duration Effect NOAEL Less Serious Serious Reference
ACUTE EXPOSURE
Death
Rat 1d 71.9 mg/L (LCgq) Prokop'teva et al. 1973
30 min/d
Rat 1d 48.4 mg/L (LCgqp) Prokop'eva et al. 1973
60 min/d
Systemic
Pig 5 wk Derm/oc 10 ppm 50 ppm (Oc irritation) Stombaugh et al. 1969
NS
INTERMEDIATE EXPOSURE
Systemic
Human 6 wk Derm/oc 100 ppm (Transitory eye Ferguson et al. 1977
5 d/wk irritation)
6 hr/d

d = day; Dermyoc = Dermal/ocular; LCSO = lethal concentration, 50% kill; min = minute; NS = not specified; wk = week.
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2.2.3.2 Systemic Effects

Dermal exposure to amnmoni a has produced respiratory, cardiovascular,
gastrointestinal, renal, and dernmal/ocul ar effects.

Respiratory Effects. Respiratory effects have been reported i n humans
from exposure to nmassive anounts of ammoni a vapor, but no quantitative data
were located. It is also unclear as to what extent the effects were a
result of inhalation exposure. Tracheitis, bronchitis, edemn, and
bronchopneunoni a were reported by Slot (1938). Lung infection and
respiratory distress were reported in one case (Sobonya 1977). Dyspnea,
ral es, rhonchi, and bl ocked airways were found by Levy et al. (1964). The
effects probably resulted from concurrent inhalation exposure. No
informati on was | ocated regarding respiratory effects of ammonia in animals
foll owi ng dermal or ocul ar exposure.

Cardi ovascul ar Effects. Elevated pul se, shock, and cardiac failure
were reported in humans from acci dental exposures to nassive anounts of
ammoni a gas, but the extent of exposure was not quantified (Slot 1938). No
informati on was | ocated regardi ng cardi ovascul ar effects of amonia in
animals followi ng dermal or ocul ar exposure.

Gastrointestinal Effects. Persistent vonmiting was noted by Sl ot
(1938) in human accidental massive exposure cases, but the extent of
exposure was not quantified. Oral and pharyngeal burns and edema were
reported by Levy et al. (1964) in four human mal es accidentally exposed to
an unknown quantity of anhydrous ammoni a.

Renal Effects. Renal congestion and henorrhagi c nephritis were
reported by Slot (1938) in six cases of accidental human exposures to highly
concentrated aerosols of ammoni a (anhydrous amoni a). The exposure | evel
cannot be determ ned fromthe avail abl e dat a.

Dermal / Ocul ar Effects. Skin and eyes are extrenely sensitive to
ai rborne anmoni a or ammoni a dissolved in water. The topical damage caused
by anmonia is probably due mainly to its alkali properties. Its high water
solubility allows it to dissolve in noisture on these surfaces, react with
fatty substances in the corneal | ayer, be absorbed into deeper |ayers and
inflict extensive damage (Jarudi and CGol den 1973). Reports of skin damage
i n humans are nunerous, but good quantitative data are |acking. The
severity of the danmage is proportional to concentration and duration of
exposure; flushing with water inmediately after contact alleviates or
prevents effects. Burns, blisters, and |lesions of the skin have been
reported (Close et al. 1980; Flury et al. 1983; Shinkin et al. 1954; Sl ot
1938; Taplin et al. 1976). Exposure |evels associated with dermal/ocul ar
effects are presented in Table 2-3.
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Reported ocul ar effects in humans fol |l owi ng anmoni a exposure increase
in severity with dose and duration. Good quantitative data are |acking, but
synpt onms progress as follows: inflanmed eyes, lacrimtion, swelling of the
eyelids (Beare et al. 1988; Caplin 1941; Close et al. 1980; Ferguson et al.
1977; Jarudi and Gol den 1973; Legters et al. 1981; Montague and Macnei l
1980; Price et al. 1983; Silverman et al. 1949; Stonbaugh 1969; Verberk
1977; Ward et al. 1983), hyperem c conjunctiva (Caplin 1941; Hatton et al.
1979; Levy et al. 1964; Slot 1938; Sobonya 1977), and sustai ned corneal
damage (Caplin 1941; G ant 1974: McQuinness 1969; Stroud 1981; Yang et al.
1987). Ammonia is slightly irritating to human eyes at concentrations of
100 ppm (Ferguson et al. 1977), and imediately irritating to the eyes and
throat at 698 ppm (Henderson and Haggard 1927). Exposure to an air
concentration of 250 ppmis bearable for nost persons for 30-60 m nutes
(Wthers et al. 1986).

Ani mal data regardi ng dermal and ocul ar effects of exposure to anmonia
support the findings in humans. Corneal opacity has been observed in
rabbits foll owing brief exposures (2 seconds) to a solution of 28.5%
amoni um hydr oxi de (G ant 1974). Vol une adm ni stered was not reported

2.2.3.3 I mmunol ogi cal Effects

Secondary infections often conplicate the clinical outcone of burns and
respiratory lesions related to exposures to highly concentrated aerosols of
anhydrous anmmoni a in which dermal and ocul ar exposure acconpani es inhal ation
exposure (Sobonya 1977; Taplin et al. 1976). However, there is no evidence
that the decreased resistance represents a primary inpairnent of the inmmne
systemin humans. No information was | ocated regardi ng the i mmunol ogi cal
effects of anmonia in aninmals followi ng dermal or ocul ar exposure.

No information was | ocated regarding the follow ng effects of amonia
in humans or aninmals follow ng dermal or ocul ar exposure:

2.2.3.4 Neur ol ogi cal Effects
2.2.3.5 Devel opnental Effects
2.2.3.6 Reproducti ve Effects
2.2.3.7 Genotoxi c Effects
2.2.3.8 Cancer

Car ci nogeni ¢ potential of ammonia has not been established in humans or
animal s by the dermal route of exposure. One case report was found of a
white mal e who devel oped epidermal carcinoma of the nasal septum 6 nonths
after being badly burned by accidental <contact wth a refrigeration
amoni aoi |

m xture (Shinkin et al. 1954). It is unclear whether amonia played a
role in this tunor devel opnment. No other reports were |ocated, although
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many cases of contact with ammonia fromspills have been foll owed for nore
than 6 nonths after exposure.

2.3  TOXI CCKI NETI CS
2.3.1 Absor ption
2.3.1.1 I nhal ati on Exposure

Experiments with volunteers show that ammoni a, regardl ess of its
tested concentration in air (range = 57-500 ppm), is alnost conpletely
retained in the nasal nucosa (83-92% during short - term exposure, i.e., up
to 120 seconds (Landahl and Herrmann 1950). Longer-term exposure (10- 27
m nutes) to a high concentration (500 ppm) results in decreased retention
(4-309%, with 350-400 ppmexcreted in expired air by the end of the exposure
period (Silverman et al. 1949); this suggests an adaptive capability or
saturation of the absorptive process. Nasal and pharyngeal irritation, but
not tracheal irritation, suggests that anmonia is retained in the upper
respiratory tract. Unchanged | evels of bl ood-urea-nitrogen (BUN),
nonprotein nitrogen, urinary-urea, and urinary-ammonia are evidence of |ow
absorption into the bl ood. Exposure to conmon occupational limts of
ammonia in air (26 ppm) with 30%retention (and assunming this quantity is
absorbed into the bl ood strean) would yield an increase in bl ood-ammonia
concentration of 0.09 ng/L (calculated by WHO 1986). This calculated rise
is only 10% above fasting levels, as reported by Conn (1972).

Ani mal data provide supporting evidence for high-percentage nasa
retention, thus protecting the lower respiratory tract from exposure
[ Dal hanm (1963) and Boyd et al. (1944), rabbit; Egle (1973), dog]. Rats
exposed to concentrations up to 32 ppm showed no i ncrease in blood amoni a
| evel s; exposures of 310-1157 ppmled to significantly increased bl ood
concentrations of ammonia within 8 hours post-exposure, but |evels returned
to normal within 12 hours of continuous exposure and remai ned so over the
24-hour treatnment period. This suggests an adaptive response nechani sm may
be activated with | onger-term exposure (Schaerdel et al. 1983).

2.3.1.2 Oral Exposure

Case reports of human ingestion of household amoni a (amoni um
hydr oxi de) provi de evidence of its absorption by this route, but few provide
guantitative data. In one case, analysis of contents of stonach and bl ood
showed anmoni a concentrations of 153 and 33 ppm respectively (Kl endshoj and
Rejent 1966); it is not known how nuch was swal | owed. Human i ngestion of
amoni um chl oride tablets (1.29-2.86 ng/kg/day) led to a small transient
i ncrease (33% above fasting levels) in arterial blood concentrations of
ammoni a among 55% (11/20) of healthy subjects. No change was noted in the
remai ni ng nine subjects in this group, but anong 50 cirrhotic patients
greater increases were noted, and return to normal |evels was slow These
data indicate that ingested ammonia is readily absorbed fromthe digestive
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tract, and that the liver plays a large role in renmoving it fromthe bl ood
(Conn 1972). Analysis of urine sanples from subjects on high and | ow
protein diets suggest that 30-65% of |abeled nitrogen from 15N amoni um
chloride is absorbed and netabolized (Richards et al. 1975).

Ammoni a i s endogenously produced in the human digestive tract, much of
it arising fromthe bacterial degradation of nitrogenous conpounds from
i ngested food. About 4200 ng/day are produced, greater than 70% of which is
synt hesi zed or liberated within the colon and its fecal contents. The total
anount absorbed is about 4150 ng/day, or 99% (Sunmerskill and Wl pert 1970);
absorption after oral loading is simlarly conplete (Furst et al. 1969).
Evi dence from Castell and Moore (1971) and Mossberg and Ross (1967)
suggests that absorption of ammonia increases with increase of pH of the
contents of the lunmen, and that the anmoniumion is actively transported at
the ower pH levels (pH 5 was | owest detected absorption). Ammonia absorbed
fromthe gastrointestinal tract travels via the hepatic portal vein directly
to the liver, where in healthy individuals nost of it is converted to urea
and glutam ne. Human and ani mal data show that little of it normally
reaches the system c circulation as anmoni a or ammoni um conpounds, but that
it is a normal constituent of plasma at |ow | evels (Brown et al. 1957; Pitts
1971; Salvatore et al. 1963; Sunmerskill and Wl pert 1970). Anal ysis of
pl asna drawn fromten heal thy young nal e subjects yiel ded endogenousl yderi ved

ammoni a concentrations ranging from30-55 pg NH/100 nL, with a nmean
of 39 pug/100 mL (Brown et al. 1957).

2.3.1.3 Der mal Exposure

Quantitative data on absorption from exposure by the dermal route were
not located in the available literature. Human case reports of dernal
exposure describe |ocal damage (burns, irritations). One report of case
histories of five persons exposed to an expl odi ng, bursting anhydrous
ammoni a gas pipe indicated there was systemc toxicity (vomting, rena
congestion, delirium, but exposure was by inhalation as well as dernal
route, and it is inpossible to delineate a system c dernal exposure
contribution (Slot 1938).

VWHO (1986) concl uded that systemc effects fromskin and eye exposure
are not quantitatively inportant. Anmonia is readily absorbed into the eye;
it was found to diffuse within seconds into cornea, |ens, drainage system
and retina (Beare et al. 1988; Jarudi and Gol den 1973). However, anounts
absor bed were not quantified, and absorption into system c circulation was
not investi gated.

2.3.2 Di stribution
2.3.2.1 I nhal ati on Exposure

No quantitative reports of distribution of anmonia frominhal ation
exposure were found in the available literature. Absorption data from
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human i nhal ati on exposure suggest that only small anpbunts of ammonia are
absorbed into the systemc circulation (Silverman et al. 1949; WHO 1986).
Most of the quantities retained in the upper respiratory tract are excreted
in expired air within 30 minutes (Silvernan et al. 1949). The | ack of
change in blood nitrogen conpounds and uri nary-anmoni a conpounds | ends
further support to this (Silverman et al. 1949). Toxic effects reported
frominhal ati on exposure suggest |ocal danage, or changes resulting from
necrotic tissue degradation, rather than presence of elevated |evels of
anmoni a, per se, in tissues other than the respiratory/pharyngeal tissues.
Information on the distribution of endogenously-produced anmoni a suggests

t hat any ammoni a absorbed through inhalation would be distributed to all
body conpartnents via the blood, where it would be used in protein
synthesis or as a buffer, and that excess |evels would be reduced to normal
by urinary excretion, or converted by the liver to glutam ne and urea. |f
present in quantities that overtax these organs, ammonia is distributed to
other tissues and is known to be detoxified in the brain (Takagaki et al.
1961; Warren and Schenker 1964).

2.3.2.2 O al Exposure

Human oral exposure data for anmonia clearly indicate that it readily
enters the portal circulation and is delivered to the liver (Conn 1972;
Furst et al. 1969), as has been shown to be the case for endogenously
produced anmmonia (Pitts 1971; Sunmmer ski | | and Wl pert 1970) . In
ni trogendefi ci ent
persons, oral admnistration of ammonia led to its incorporation
into tissue proteins after having been detoxified by the liver and
di stributed systenmically as nonessential nitrogen for protein synthesis (a
nontoxic form. In these cases, output of urea fromthe |liver corresponded
to the anmount of anmonia ingested (Furst et al. 1969).

Un-ionized ammonia is freely diffusible, whereas the ammoniumion is
less so and is relatively confined to the extracellul ar conpart nent
(Stabenau et al. 1959). However, anmmoniumion is in dynamc equilibrium
wi th di ssol ved ammoni a. Therefore, amoni um conpounds that enter the
circulatory systemor other body fluids can thus freely penetrate tissue
cells as ammonia. Aninmal data indicate that within 72 hours after
i ngestion, |abeled protein from ™N-ammoniumcitrate was found in |iver
ki dney, spleen, heart, and nmuscle (Vitti et al. 1964). This supports the
Furst et al, (1969) finding that anmonia and its |iver netabolites
di stribute throughout the body.

2.3.2.3 Der mal Exposure

No quantitative data on distribution of ammonia from dermal exposure
were |located in the available literature. Toxic effects from dernal
exposure suggest that little or no ammbnia gains entry into the systenic
circulation by this route.
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2.3.2.4 O her Routes of Exposure

After intraperitoneal injection of amoni um chloride in mce, anmonia
distributes to brain tissues within 20 seconds (Warren and Schenker 1964),
and in rats, brain concentrations increase dramatically within 5 ninutes
(Sal vatore et al. 1963). Tissues other than bl ood and brain were not
anal yzed by these researchers. Conparative patterns of distribution of
15N-| abel ed ammonium citrate indicate that the amount of ammoni a taken up by
tissues other than the liver is greatest by subcutaneous injection, |ess by
intraperitoneal injection, and |least follow ng intragastric exposure. That
which gains entry into the general circulation is distributed to cells
t hroughout the body and incorporated into tissues (Furst et al. 1969; Vitti
et al. 1964). Intravenous adm nistration of *N-1abeled amonium salts
| eads to rapid distribution of “N-1abel ed metabolites throughout the body,
with the highest |evels of |abeled urea appearing in the kidney and liver,
and | esser anobunts in heart, spleen, brain, testes, and carcass. Hi ghest
| evel s of | abeled glutanine were found in heart and liver, with | esser
anounts in brain, spleen, carcass, kidney, and testes (Duda and Handl er
1958) .

2.3.3 Met abol i sm

Quantitative data on human netabol i sm of exogenously i ntroduced
amoni a were not located in the available literature. Amonia is
met abol i zed to urea and glutamine mainly in the liver by the process
di agrammed in Figures 2-3 and 2-4 and described by Furst et al. (1969) and
Pitts (1971). However, it can be rapidly converted to glutamne in the
brain and other tissues, as well (Takagaki et al. 1961; Warren and Schenker
1964). The nitrogen is released fromglutanine within tissue cells and used
forprotein synthesis as needed (Duda and Handl er 1958; Furst et al. 1969;
Richards et al. 1975; Vitti et al. 1964). Ingestion of ammonium salts | eads
to al nost compl ete conversion of ammoniumto urea in the liver, whereas
exposure by other routes may lead to its netabolismin body tissues to
glutam ne or tissue protein (Furst et al. 1969; Vitti et al. 1964). Duda
and Handl er (1958) adninistered 0.03 ng/ kg body wei ght of 15N-anmoni um
acetate intravenously and noted that 90% was converted to gl utam ne and urea
within 30 mnutes, with glutam ne being the major early product. Label ed
nitrogen was also found in am no acids, purines, pyrimdines, and other
ni trogenous conpounds. Low, but significant amounts (0.008% of a 17 ng oral
dose) of “N-ammoni um chl oride administered repeatedly to rats were
converted to "N-nitrate in the urine (Saul and Archer 1984).

2.3.4 Excretion
2.3.4.1 I nhal ati on Exposure
Ammonia that is inhaled is tenporarily dissolved in the mucous of the

ai rway, then a high percentage of it is released back into the expired air.
Silverman et al. (1949) found that 70-80% of inspired amoni a was excreted
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by healthy mal e subjects by this route foll owi ng exposure to 500 ppm of
ammoni a for 10-27 m nutes. Analysis of endogenous ammonia levels in the
expired air of rats showed concentrations ranging fromlo-353 ppb

(mean = 78 ppb) in nose-breathing animals (Barrow and Stei nhagen 1980).

The quantitative difference between inspired and expired anmoni a
suggests that small anmounts are absorbed across the pul nonary nmenbrane into
the system c circul ation. Absorbed ammonia is excreted by the kidneys as
urea and urinary anmoni um conpounds (Gay et al. 1969; Pitts 1971; Richards
et al. 1975; Summerskill and Wl pert 1970), as urea in feces (Richards
et al, 1975), and as conmponents of sweat (Guyton 1981; Wands 1981), but
guantitative data are lacking. Figures 2-3 and 2-4 illustrate the pathways
by which ammonia is biotransforned. Toxic |evels do not develop as a result
of chronic inhalation exposure; the body has nultiple effective nmechani sns
for detoxifying and excreting it.

2.3.4.2 Oral Exposure

The netabolic conversion is illustrated in Figures 2-3 and 2-4.
Excretion data for humans orally exposed to ammoni a have been quantified
with respect to excretion of isotope from ™N-label ed ammoni umsalts, thus
providing an indication of the turnover rate of the conpound within the
body and excretion route of its netabolites. Approximtely 72% of a dose of
15N was excreted in the urine of three subjects within 3 days of ingestion
of ammonium salts in drinking water; 25% (24% urinary urea and 1% uri nary
ammoni a) was elimnated within the first 6 hours after exposure. AmMDNi um
salt adm nistered by gavage to hurmans led to a correspondi ng i ncrease in
bl ood urea concentration transported out of the liver (Furst et al. 1969);
the authors concluded that orally ingested ammoniumsalt is quickly and
al nost conpletely converted in the liver and elimnated fromthe body as
urinary urea. Analysis of urine sanples from subjects on high and | ow
protein diets showed higher cunul ative excretion of N (% of dose) in the
urine of the high protein group (approximately 70% than that of the | ow
protein group (35% . Small amounts of | abel ed nitrogen were al so excreted
as urea in feces (Richards et al. 1975).

These data correspond to that for excretion of endogenously produced
ammoni a (Davies and Yudkin 1952; Muntwyler et al. 1956; Sumerskill and
Wbl pert 1970; Van Slyke et al. 1943). Amonia is al so known to be excreted
via sweat (Quyton 1981; Wands 1981) and expired air (Barrow and Stei nhagen
1980; Larson et al. 1980; Robin et al. 1959; Uell et al. 1989), but
guantitative data are unavail abl e.

2.3.4.3 Der mal Exposure

Dat a regardi ng excretion of amonia taken in by dernmal exposure were
not located in the available literature.
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2.3.4.4 O her Routes of Exposure

Data are avail abl e on exposure of humans and do s to amoni um salts by
i ntravenous injection. Excretion of isotope after “N-anmonium | actate
injection in three hunman subjects yielded 5-7% of isotope excreted as
urinary ammonia in the first 6 hours post-exposure, and another 2% within 3
days. Approximately 6% of the isotope was excreted as urea in urine in the
first 6 hours. An average of approximtely 60% of the dose of |abel was
excreted in urine wwthin 3 days. These data are considerably different
fromthat resulting fromoral |oading (as described in Section 2.3.4.2).
Intravenous loading |l ed to decreased | abeling of urinary urea and grossly
i ncreased | abeling of urinary ammoni a; the differences are attributed by
the authors to a "first pass" effect fromoral |loading (Gay et al. 1969).
The hepatic transformation of ammoniumto urea is so efficient that
relatively little unconverted anmoniumsalt is released to the genera
circul ation.

I ntravenous exposure of seven dogs to 107 ng/ kg anmoni um acetate led to
amount s ranging from 0.044-0.073 ng anmoni a excreted in expired air. No
measurabl e anobunt of ammonia was present in expired air during the pre-
exposure
control period (Robin et al. 1959).

2.4 RELEVANCE TO PUBLI C HEALTH

The nost inportant injurious effects of ammonia on humans are due to
its irritative and corrosive properties. Follow ng exposures to anmmoni a
vapors, effects may be linmted to irritation of the eyes and respiratory
tract, but severe exposures can cause burns of the eyes, skin, and
respiratory tract. Airway bl ockage and respiratory insufficiency can be
| et hal outcomes of exposure to anhydrous ammoni a or concentrated aerosols.
I ngestion of concentrated ammoni a sol uti ons can produce severe burns and
henorrhage of the upper gastrointestinal tract. As can be expected with
extensive skin burns or injury to the respiratory or gastrointestinal
tracts, secondary effects often conplicate the clinical picture. These
include infections and renal failure. Effects that have been observed in
humans exposed to ammoni a vapors and aerosol s have al so been observed in
animal s. Hepatic and renal effects have been reported in aninmals and
humans; however, anmoni a does not appear to be a primary liver or Kkidney
t oxi cant .

Deat h. Human deat hs have resulted from sudden, accidental, massive
exposures to anhydrous ammoni a and fromingestion of concentrated ammoni a
solutions. In cases of inhalation exposure, cause of death has been
attributed to bl ocked airways, respiratory failure, bronchopneunonia, and/or
renal failure. Airway blockage is nost likely to occur in the upper
respiratory tract (including |aryngeal edena), the first tissues exposed to
i nhal ed ammonia. It is due to fluid engorgenment and edenm, a response to
the irritant and corrosive effect of amonia on living tissues. Micous
menbranes secrete profusely over the irritated surface and bl ood vessels in
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t he exposed tissues dilate, causing swelling. Severe irritation causes

pl asma to exude fromvascular walls into the respiratory passages and spaces
and bl ock them or produce swelling and separation of tissues that leads to
their death (Henderson and Haggard 1927). Wen these effects occur in the
lungs, respiratory failure results. Necrosis resulting fromthe

i nflammat ory response to exposure allows invasion of pathogenic

m croor gani sns, and subsequent infection. In cases of oral exposure,

deat hs have been attributed to renal failure; however, this may be secondary
to extensive gastrointestinal injury.

Systemi ¢ Effects. There are no recogni zed primary system c effects
from exposure to anmoni a gas or anmmoni a sol utions, probably due to linited
absorption and rapid netabolic disposition. There are serious secondary
systemic effects fromthe topical injuries that result from severe skin,
eye, and gastrointestinal damage. In humans, ammonia vapor is irritating to
the eyes and respiratory tract and can be corrosi ve when hi gh concentrations
are inhaled. Burns and related | esions and edena of the respiratory tract
can | ead to bronchopneunoni a or secondary respiratory infections. The
extent of danage increases with exposure to greater anmounts. Sone of the
amoni a that conmes in contact with the eyes reacts to forma soap. Sone
enters deeper layers of the eye and, in sufficient quantities, causes
swelling within m nutes of exposure. Ingestion of highly concentrated
solutions of ammonia results in simlar burns and | esions to the
gastrointestinal tract and secondary conplications that, at |least in one
case included renal failure (Klein et al. 1985). In spite of the potential
toxicity of anmmonia, chronic occupational exposure to |ow |evels of airborne
amoni a had no effect on pul nobnary function or odor sensitivity threshol d.

The irritative and corrosive properties of inhaled and ingested
ammoni a have been substantiated in animal studies. MId hepatic effects and
renal |esions have been reported in aninmals and humans, but only at near
| et hal concentrations. Thus, these organs do not appear to be inportant
primary targets for inhaled ammoni a.

I ngestion of |ethal doses of anmoni um conpounds in aninmal studies has
produced serious respiratory effects including increased rate and depth of
respiration, pulnmonary edema, and death by respiratory failure (Koenig and
Koeni g 1949). Repeated oral exposure to high doses of anmoni um aci difying
salts results in metabolic acidosis and secondary effects on bone and
el ectrolyte netabolism At the extrene, this can |ead to substantia
demi neralization of bone and a rise in serumcal ciumlevels. Prol onged
exposures result in mld renal injury. Amonium salts have been used
extensively in humans as acidifying agents. Although renal disease has not
been reported to result from such treatnments, acidosis and rel ated secondary
el ectrolyte and bone alterations can be anticipated wi th prol onged oral
exposure to ammonium salts or, in fact, any acidifying agent.

O her systemic effects that have been observed in animals exposed to
ammni a i nclude effects on the adrenal gland and wei ght |oss. A study by
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Noda and Chi kanori (1976) tested the relative effects of anmmoni um chl ori de
and sodium chloride in diets on food intake anmong rats with and wi thout
bilateral |esions of the prepyriformcortex of the brain. Unlike rats with
intact brains, those with |l esions did not discrimnate agai nst food
cont ai ni ng 3% amoni um chl ori de. Ammoni um chl oride injected unilaterally
into intact prepyriformcortical areas reduced food intake to a greater
extent than did injection of sodiumchloride. Injection of the sane
concentration of ammoni um chloride into other parts of the brain had |ess
effect on food intake than that injected into the prepyriformcortex. These
results support the thought that anmoni umions depress the appetite and that
their effect is exerted by way of the prepyriformcortex.

I munol ogi cal Effects. Secondary infection has been observed in humans
t hat have received severe burns from exposure to highly concentrated
aerosol s of ammoni a (Sobonya 1977; Taplin et al. 1976). It is not known if
this represents a primary effect on the i mMmmune systemin humans. Necrosis
of exposed tissues facilitates invasion by pathogenic m croorgani sns.
Results of animal studi es have shown that exposure to high concentrations of
amoni a vapor can depress the inmune response (R chards et al. 1978a;
Targowski et al. 1984). Targowski et al. (1984) noted a significantly
decreased del ayed type of dermal response to tuberculin challenge anong
gui nea pigs that had been exposed to ammoni a vapor. From exam nation of the
m togeni ¢ and anti genic responses of |ynphocytes and of the bactericidal and
phagocytic activities of alveolar macrophages it has been suggested that
ammni a i nhibits the rel ease of |ynphokines and the nediation of specific
inflammatory reactions, and that this inhibition is perhaps due to
alterations at the cell nenbrane level. It is not known, however, to what
extent inhaled anmonia can reach al veol ar macrophages in vivo.

Neur ol ogi cal Effects. Case reports of accident victins exposed to
hi ghly concentrated aerosols of amoni a describe blurred vision, diffuse
nonspeci fi ¢ encephal opat hy, | oss of consciousness, and decreased deep tendon
reflexes (Hatton et al. 1979; Wite 1971). However, these synptons are
coi ncident with extensive and severe dermal and respiratory burns and
respiratory insufficiency brought on by airway bl ockade, and nmay represent
neur ol ogi cal effects secondary to anoxia. Adm nistration of amoni um
acetate subcutaneously in mce decreases spontaneous notor activity and
i mpai rs nuscul ar coordination (Kuta et al. 1984). Furthernore, ammoni um
acet ate ant agoni zes anphet ani ne-i nduced i ncreased novenent in mice, inhibits
cat echol am ne rel ease fromisol ated bovi ne adrenal gl ands, and potenti ates
nmor phi ne anal gesia (Kuta et al. 1984). Several nmechani sns could explain the
neur ol ogi cal effects of anmoni um including changes in intracellular pH
(Thonas 1974), shifts in electrolytes between intracellular and
extracel lul ar conpartnments (Benjamin et al. 1978), depression of inhibitory
mechani sns in the brain (Lux et al. 1970; Raabe and Gumit 1975), decreased
avail abl e energy in the brain (Schenker et al. 1967; Wl ker and Schenker
1970), and alterations in neurotransmtter |evels (Koyuncuoglu et al. 1978).
Mul tiple biochenical effects from amoni um may explain the observed
neur ol ogi cal inpairnent (Braganca et al. 1953; Hawkins et al. 1973; Nakazawa
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and Quastel 1968; Warren and Schenker 1964). It is not clear if the
neur ol ogi ¢ sequel ae of experinental hyperanmmoneni a have any rel evance to

i nhal ati on or oral exposures of humans, follow ng which hyperamobnemn a has
not been denonstrated. However, it may be relevant to certain disease
states in which endogenous ammoni a netabolismis disrupted, e.g., chronic
liver failure

Devel opmental Effects. No informati on was | ocated regarding
devel opnental effects of ammonia in humans or ani mal s.

Reproductive Effects. No informati on was | ocated regarding the
reproductive effects of amonia in humans or ani mal s.

Genotoxic Effects. Tests of anmonia's mutagenicity consist of
studies in Escherichia coli, chick fibroblast cells, and Drosophila
nel anogaster (Table 2-4). Demerec et al. (1951) noted positive effects in a
reverse nutation test in E. coli, but only in treatnments using toxic
| evel s of ammonia (98% lethality). Lobasov and Smirnov (1934) found
slight nutagenic activity in Drosophila, but once again, survival after
treatnent was | ess than 2% Auerbach and Robson (1947) tested Lobasov and
Smirnov's results and noted 0.5% sex-linked I ethals. The authors concl uded
that, although their data did not support the earlier study's findings, it
i s possible that ammonia has a very slight nmutagenic action. In their data
presentation, however, they report their findings as negative, qualifying it
as doubtful and probably negative.

In vitro tests of chick fibroblast cells showed that buffered amonia-
ammoni um chl ori de sol uti ons can induce clunping of chronosones, inhibit
spindle formation and result in polyploidy (Rosenfeld 1932). Visek et al
(1972) noted reduced cell division in nouse fibroblasts cultured in nedia to
whi ch ammoni a and anmoni um chl ori de were added. The effect was noted in
cultures irrespective of pH Decreased rate of DNA synthesis was noted in
nmouse nucosal cells in the ileumand col on when serum anmoni a | evel s were
significantly el evated over normal |evels; these elevated |levels were
i nduced by intraperitoneal injection of urease or infusion of anmoni um
chloride (Zi nber and Visek 1972a).

Iwaoka et al. (1981), responding to controversy regarding mnmutagenicity
in
fried hamburgers, found that extraction of organic ingredients fromfried
hamburger and refrigerated biscuit products w th amoni um hydroxi de or
anmoni um sul fate increased nutagenic activities in Salnonella typhinmrium
T98 and TA1538 Ames' m crosomal systens, while negative results were
obtai ned fromextraction with sodium sul fate. The node of action is
unclear: ammoniumsalts may in some way affect the nutagenic activities of
some agents, or they may sinply be nore efficient extractors of mutagenic
components fromthese foods.

Cancer. Carcinogenic potential of amopni a has not been established in
humans or aninals. One case report was found of a white nmal e who devel oped



TABLE 2-4. Genotoxicity of Ammonia and Asmonium Compounds In Vitro and In Vivo
Result
End Point Form Species (test system) With Without Reference
Activation Activation

In vitro:
Reverse mutation NH3z Escherichia coli NT + (at toxic levels) Demerec et al. 1951
Chromosomal aberrations NH,CL+NH,OH buffer Chick fibroblasts NT + Rosenfeld 1932
Reduced cell division NH3+NH4C? Mouse fibroblasts NT + Visek et al. 1972

Mouse fibroblasts (373) NT + Capuco 1977
DNA repair inhibition NH,Cl Mouse fibroblasts NT + Capuco 1977
In vivo:
Mutagenic lethality NH Drosophila melanogaster + NT Lobasov and Smirnmov 1934
Sex-linked recessive NHz D. melanogaster - (doubtful, probably) NT Auerbach and Robson 1947

lethal mutations negative)

Dominant lethality NHz D. melanogaster - NT Auerbach and Robson 1947
Decreased rate of DNA NNACl Mouse ileal and colonic NT + Zimber and Visek 1972a

synthesis

mucosa cells

+

positive result.
negative result.
NHz = ammonia.

NH,ClL = ammonium chloride.
NH,OH = ammonium hydroxide.

NT = not tested.
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epi dermal carci noma of the nasal septum 6 nonths after being badly burned
by accidental contact with a refrigeration amoni a-oil m xture (Shinkin

et al. 1954). It is unclear whether ammonia was, itself, inplicated in the
devel opnment of this cancer. No other such reports were | ocated, although
many cases of contact with ammonia fromspills have been foll owed for nore
than 6 nonths after exposure. Two studies in mce [Uzvol gyi and Bojan
(1985) with ammonia; Toth (1972) with amoni um hydroxide] failed to
denonstrate carcinogenicity.

Col orectal cancer incidence may be influenced by anmoni a production
and/ or concentration within the gut. Anmonia is nore toxic to normal cells
than to transforned cells and, in that way, selectively harns healthy
tissue. Although it is not known to transformcells per se, cancer and
pol yp incidence are highest in areas of the colon having hi ghest anmoni a
concentrations (Cummings et al. 1981; Tannenbaum and Young 1980; Visek
1978). Although very little exogenous amopni a reaches the colon, it is
concei vabl e t hat anmmoni um conpounds i ngested in | arge doses over |ong
periods of time could enhance the incidence of colorectal cancer. It should
be noted, however, that due to the slow transport capabilities of the colon
ot her potential carcinogens may al so be present for extended periods of
tine,

Some data suggest that ammonia nay act as a co-carcinogen with certain
ot her substances. M ce devel oped |lung tunors after gavage adm nistration of
amoni a di ssolved in water and di et hyl pyrocarbonate, while neither conmpound
al one produced tunors (Uzvol gyi and Bojan 1980, 1985). The authors
suggested that ammoni a and di et hyl pyrophosphate reacted in vivo to formthe
car ci nogen, urethane, which produced a 100% i nci dence of lung tunors in the
m ce. Increased incidence of colorectal tunors was observed in mce that
recei ved intrarectal doses of ammoni um acetate and N-nethyl-N -
ni t rosoguani di ne (MNNG conpared to control mce that recei ved MNNG and
distilled water (Cinton et al. 1988). The invol venent of acetate in the
apparent tunor pronotion by anmoni um acetate was not rul ed out.

2.5 BI OVARKERS CF EXPOSURE AND EFFECT

Bi omarkers are broadly defined as indicators signaling events in
bi ol ogi ¢ systens or sanples. They have been classified as markers of
exposure, markers of effect, and markers of susceptibility (NAS/ NRC, 1989).

A bi omar ker of exposure is a xenobiotic substance or its netabolite(s)
or the product of an interaction between a xenobiotic agent and some target
nol ecul e or cell that is nmeasured within a conpartment of an organi sm
(NAS/ NRC 1989). The preferred bi omarkers of exposure are generally the
substance itself or substance-specific netabolites in readily obtainable
body fluid or excreta. However, several factors can confound the use and
interpretation of bionarkers of exposure. The body burden of a substance
may be the result of exposures from nore than one source. The substance
bei ng neasured may be a netabolite of another xenobiotic (e.g., high urinary
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| evel s of phenol can result from exposure to several different aromatic
compounds) . Dependi ng on the properties of the substance (e.g., biologic
hal f-1ife) and environmental conditions (e.g., duration and route of
exposure), the substance and all of its nmetabolites may have |l eft the body
by the tinme biologic sanples can be taken. It may be difficult to identify
i ndi vi dual s exposed to hazardous substances that are conmonly found in body
tissues and fluids (e.g., essential mineral nutrients such as copper, zinc
and sel eniun). Bionmarkers of exposure to ammonia are discussed in Section
2.5. 1.

Bi omar kers of effect are defined as any neasurabl e bi ochem cal,
physi ol ogic, or other alteration within an organismthat, depending on
magni tude, can be recogni zed as an established or potential health
i mpai rment or di sease (NAS/ NRC 1989). This definition enconpasses
bi ochem cal or cellular signals of tissue dysfunction (e.g., increased |iver
enzyme activity or pathologic changes in female genital epithelial cells),
as well as physiologic signs of dysfunction such as increased bl ood pressure
or decreased lung capacity. Note that these nmarkers are often not substance
specific. They also may not be directly adverse, but can indicate potenti al
health inpairnment (e.g., DNA adducts). Biomarkers of effects caused by
ammoni a are di scussed in Section 2.5.2.

A bi omar ker of susceptibility is an indicator of an inherent or
acquired limtation of an organisnis ability to respond to the chall enge of
exposure to a specific xenobiotic. It can be an intrinsic genetic or other
characteristic or a preexisting disease that results in an increase in
absorbed dose, biologically effective dose, or target tissue response. |If
bi omar kers of susceptibility exist, they are discussed in Section 2.7,

" POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Biomarkers Used to ldentify or Quantify Exposure to Ammoni a

There are no known specific biomarkers of exposure for ammoni a.
I dentification of biomarkers of exposure to ammonia is confounded because
| arge anmounts of ammoni a are produced endogenously. Pharmacokinetic studies
reveal that after inhalation exposure to |ow |levels of amonia, BUN,
nonprotein nitrogen, urinary-urea, and urinary-ammonia |evels do not change.
Exposure to comon occupational limts of amonia in air (26 ppm vyield
i ncreased bl ood-ammoni a | evels only 10% above fasting |levels. In one human
study, oral ingestion of amonium chloride tablets yielded only a transient
i ncrease in bl ood-anmoni a above fasting levels in 11 out of 20 subjects
tested; no increase was observed in the remaining 9 subjects.

Ef fect bi omarkers of ammoni a exposure are limted to site-of-contact
tissue injuries. Upon inhal ati on exposure, distribution of anmonia is
usually limted to the respiratory tract and involves irritation and, at
hi gher concentrations, pul nonary edena and necrosis. Oral exposure to high
doses of anmoni um chl ori de has produced pul nonary ederma in animals. Derna
exposure to ammoni a causes skin and eye irritation and, at higher
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concentrations, necrosis. The severity of injuries by all routes of
exposure are dose-related. Unfortunately, these effect biomarkers are not
specific for ammoni a and can be caused by a variety of caustic substances.

2.5.2 Biomarkers Used to Characterize Effects Caused by Anmoni a

The tissues and organs nost sensitive to ammoni a exposure are mainly
dependent on route of exposure. After inhalation exposure, which can
i nvol ve a significant dermal exposure, the skin and eyes and the respiratory
tract, including the lungs, are nost sensitive. Direct dernmal exposure
produces dose-related effects fromirritation to necrosis. Ingestion of
amoni um hydroxi de has resulted in oral, pharyngeal, and esophageal | esions.
The tissue and organ injuries produced by ammoni a, however, are of limted
val ue as biomarkers to characterize the effects caused by anmmoni a because
many ot her caustic chem cals can produce sinmilar injuries.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

Exposure to substances that would increase the pH of exposed tissues
coul d be expected to enhance the al kalotic effects of ammonia, and vice
versa. Agents acting to elevate the intestinal-tract pH would increase its
local irritant effect, and would pronote its absorption, as well (Castell
and Moore 1971).

Co-adm ni stration of ammoni a and di ethyl pyrocarbonate induced |ung
tunors in mce, while neither agent administered intragastrically and
separately was carcinogenic; this effect is believed to be a result of a
compound, urethane (a known carci nogen), produced by their interaction
(Uzvol gyi and Bojan 1980, 1985). Mce given intrarectal doses of MNG and
amoni um acet ate had a hi gher incidence of tunors than did controls that
were administered distilled water in place of anmoni um acetate (Cinton
et al. 1988). The role of acetate was not ruled out. Ammoni a acted
synergistically with potassiumions on pyruvate kinase, a known Ehrlich
ascites tunor enzyne (O avarria et al. 1986).

Some conpounds play a synergistic role with amonia in producing
hepatic coma. Sinultaneous injection of an ammonium salt and a fatty acid
produced coma at |ower plasma |levels than did injection of either conpound
separately. Inhalation of methanethiol or injection with sodi um octanoate
bl ocked netaboli smof an injected dose of ammoni um acetate and led to
el evated bl ood ammoni a | evels (Zieve et al. 1974).

Dat a regardi ng exposure to m xtures of atnospheric contam nants
indicate that, contrary to what mnight be expected, increased carbon dioxide
concentration (up to 5%in air) does not alter the hyperventilatory rate
i nduced by hyperanmmonemnmia (Herrera and Kazenmi 1980). Amonia in expired air
neutralizes inhaled acid aerosols (Larson et al. 1980; Loscutoff 1979; Ut el
et al. 1989).
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O her substances to which people have been exposed have been shown to
alter the toxic effects of amonia. Methionine sul foxi m ne, adm nistered by
i ntraperitoneal injection, suppressed the tonic convul sions produced by
i ntravenous injection of ammoniumchloride in mce (H ndfelt and Plum 1975;
Warren and Schenker 1964). I|ntraperitoneal injection of alpha-nethylglutanc
acid also exerts a protective effect agai nst hyperammonemia in rats
(Larmar 1970). Nicotinohydroxam c acid and neomycin adninistered orally
reduce bl ood anmmoni a | evel s and increase excretion of urea by treated rats
(Harada et al. 1985). Ethanol exerted a protective effect on acute anmoni a
intoxication in mce (O Connor et al. 1982), although ethanol was reported
to increase ammoni a concentrations in body tissues of treated rats
(Mohanachari et al. 1984).

Sodi um benzoat e decreased urea production in amoni a chal |l enged rats
(Maswoswe et al. 1986) and hyperanmonenmic mce (O Connor et al. 1987).
Val proate, a widely used antiepileptic drug, has a hyperammoneni c effect
(Ferrier et al. 1988) and may therefore predi spose to anmoni a intoxication.
Ammonia interferes with the netabolismof pent-4-enoic acid in cultured rat
hepat ocytes and may dramatically potentiate its toxicity (Coude and G i nber
1984).

2.7 POPULATI ONS THAT ARE USUALLY SUSCEPTI BLE

Persons who suffer from severe advanced |iver or kidney pathol ogy nay
be susceptible to amonia intoxication, as it is chiefly by the actions of
t hese organs that ammonia is biotransformed and excreted. In these
i ndividuals, the levels produced endogenously are sufficient to produce
toxicity. Levels that are likely to be encountered in the environnment, with
the exception of those resulting from high-level accidental exposures, are
insignificant, due to the | ow absorption rate, in conparison with levels
produced within the body (WHO 1986).

Since ammnia is a respiratory tract irritant, persons who are
hyperreactive to other respiratory irritants, or who are asthmatic, would be
expected to be nore susceptible to ammonia inhalation effects. The results
of an epi dem ol ogi cal study of a group of workers chronically exposed to
ai rborne amoni a i ndicate that ammoni a i nhal ati on can exacerbate existing
sympt ons i ncl udi ng cough, wheeze, nasal conplaints, eye irritation, throat
di sconfort, and skin irritation

2.8 ADEQUACY CF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agencies and prograns of the
Public Health Service) to assess whether adequate infornmation on the health
effects of anmonia is avail able. Were adequate information is not
avail abl e, ATSDR, in conjunction with the National Toxicol ogy Program (NTP)
is required to assure the initiation of a program of research designed to



52

2. HEALTH EFFECTS

determine the health effects (and techni ques for devel oping nethods to
determ ne such health effects) of anmoni a.

The followi ng categories of possible data needs have been identified by
a joint teamof scientists from ATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net would reduce or
elimnate the uncertainties of human health assessnent. In the future, the
identified data needs will be evaluated and prioritized, and a
subst ance-specific research agenda will be proposed.

2.8.1 Existing Informati on on Health Effects of Ammoni a

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and animals to ammonia are sunmari zed in Figure 2-5.
The purpose of this figure is to illustrate the existing infornation
concerning the health effects of ammonia. Each dot in the figure indicates
that one or nore studies provide information associated with that particul ar
effect. The dot does not inply anything about the quality of the study or
studies. Gaps in this figure should not be interpreted as "data needs"
i nformati on.

Information regarding health effects of ammonia i n hunans consi sts
largely of case reports of fatalities or illnesses follow ng nassive
i nhal ati on and/ or dernal exposures resulting from accidental expl osions or
| eakages. A few controlled studi es have been conducted on inhal ation and
oral exposure effects. Health effects of anmonia in animals have been
i nvestigated in nunerous inhalation studies, and a few oral and derma
exposure studies. Clearly, amonia is an acutely toxic chemcal in high
concentrations, but it is also one which is readily detected in air, water,
and upon skin and eye contact. As indicated in Figure 2-5, available data
address these concerns, both in humans and aninmals. The data indicate that
ai rway bl ockage, edema, burns and |esions of tissues directly exposed to
anmoni a are the nost prom nent amoni a-rel ated effects. Secondary effects
i nclude liver and ki dney damage, along with decreased resistance to di sease.

2.8.2 ldentification of Data Needs

Acut e- Duration Exposure. Data is available in humans to identify the
primary organs and tissues sensitive to ammoni a exposure by all routes.
Acut e-duration exposure by all routes yields dose-rel ated site-of-contact
lesions primarily of the skin, eyes, and respiratory tract, including the
lungs. Organ-specific toxicity which depends on absorption and systenic
di stribution does not appear to be inportant, although sone aninmal studies
indicate that |iver and/or kidney toxicity may result fromvery high
concentrations of ammonia. Studies in aninmals provide strong support for
the data in hunmans. Data for acute-duration exposure were sufficient to
yield an acute inhalation MRL based on nose and throat irritation in humans.
An acute-duration oral MRL was not derived because a threshold effect |eve
could not be identified; the concentration at which death occurred in
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animal s was | ower than the highest NOAEL identified for other endpoints.
Additional data for acute-duration exposure do not seemwarranted at this
tinme.

I ntermedi at e- Durati on Exposure. Data frominternedi ate-duration
i nhal ati on exposure are sufficient to identify the respiratory tract and
skin of humans and aninmals as the primary target organs of anmonia toxicity.
Al though an MRL for internediate-duration oral exposure has been derived,
the avail abl e studies have not sufficiently identified target organs in
humans or animals. Mst of the studies are old and net hods for quantifying
exposure and effects may not have been adequate by present-day standards.
Phar macoki netic data are not available to aid in the assessnment of
i nternmedi ate-duration oral exposure. Only one internediate-duration dernal
exposure study was | ocated and reported transitory eye irritation after
exposure to | ow concentrations of amoni a was observed i n humans. The
paucity of data fromintermedi ate-duration oral and dernal studies
underscores the inportance of further study both to help identify potenti al
target organs of toxicity and because there are popul ati ons surroundi ng
hazardous waste sites that m ght be exposed to amonia for internediate
dur ati ons.

Chroni c-Duration Exposure and Cancer. The avail abl e chronic-duration
exposure data are insufficient to identify target organs of toxicity for any
route of exposure. No studies of chronic-duration are available for derma
exposure. A single human study of chronic-duration inhalation exposure was
| ocated but no respiratory effects attributable to anmoni a were observed. A
chronic inhalation MRL was derived fromthe highest NOAEL value fromthis
occupational study because the respiratory systemis the nost sensitive
system for inhalation exposure to anmonia for acute and internedi ate
durations. A single chronic-duration oral exposure study was |ocated that
identified a LOAEL for nuscul o/ skel etal effects and decreased body weight in
the rat. The avail able data were not sufficient for an oral MEL derivation
because target organs were not identified. Pharmacokinetic data are not
available to aid in the assessnent of potenti al toxicity after
chroni cduration
exposure. Because there are popul ati ons surroundi ng hazardous
waste sites that mght be chronically exposed to ammonia it would be
val uabl e to investigate chronic-duration exposures by all routes to identify
target organs and dose-effect relationships.

There is no evidence to support the potential for carcinogenicity of
ammoni a in humans or animals, although, lifetine exposure studi es have not
been conducted for inhalation or dernal exposure. A two-year oral exposure
study in mce reveal ed no evidence for carcinogenicity nor an effect on the
spont aneous rate of breast tunors. Pharmacokinetic data are not avail able
to aid in the assessnent of carcinogenicity. Because there are popul ations
surroundi ng hazardous waste sites that night be exposed to ammonia for their
lifetimes it would be valuable to conduct lifetime inhalation and derma
exposure studies to reduce the wuncertainty associated w th carcinogenic
potenti al .
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Genotoxicity. No information was |ocated regarding the genotoxicity of
ammni a in humans. In vivo aninmal data are limted to studies in Drosophila
nel anogaster which resulted in a positive response for nutagenic lethality
but negative responses for sex-linked recessive |ethal nutations and
domi nant lethality. These are old studies, however, and nmay not neet
present -day standards of technology. In vitro studies reveal ed positive
responses for genotoxicity in Escherichia coli, chick and nouse
fi broblasts. Again, however, these are mainly old studies, and, at least in
one case, required toxic levels of amonia to produce effects. Based on its
structure, anmonia is not expected to be highly genotoxic. It would be
val uable to further assess the genotoxicity of ammonia with nutagenicity
assays in Salnonella typhinmuriumfollowed by in vitro and/or in vivo tests
for chronmosomal aberrations in mammalian systens if positive responses are
obt ai ned.

Reproductive Toxicity. No information was |ocated regarding
reproductive effects of ammonia in humans or ani nals. Pharnacokinetic data
are not available to aid in the assessnment of the potential for reproductive
toxicity in humans or animals. The high levels of ammoni a produced
endogenously in animals, however, suggest that reproductive organs and
tissues are not a likely target of ammonia toxicity. Further study, in the
absence of nore definitive acute-, intermedi ate-, and chroni c-duration
toxicity studies, does not seemwarranted at this tine.

Devel opnental Toxicity. No information was | ocated regarding
devel opnental effects of amonia in humans or ani mals. Pharnacokinetic data
are not available to aid in the assessnent of the potential for
devel oprmental toxicity in humans or animals. The high |l evels of ammnia
produced endogenously in animals, however, suggest that devel opnent al
effects are unlikely to occur after exposure to anmonia. Further study, in
t he absence of nore definitive acute-, internedi ate-, and chronic-duration
toxicity studies, does not seemwarranted at this tine.

I munot oxi city. Secondary infection has been observed in humans that
have received severe burns from exposure to highly concentrated aerosols of
amonia. It is not known if this represents a primary effect on the inmune
systemin humans since necrosis of exposed tissues facilitates infection by
pat hogeni ¢ organi sns. Ani mal studi es have shown that exposure to anmoni a
may inhibit the inmmune response. There is no reason to suspect that imune
system effects could be route- or species-specific. It would be valuable to
assess the potential for immunotoxicity of anmonia with a battery of imune
function tests.

Neurot oxi city. Neurol ogical effects have been observed i n humans who
recei ved extensive and serious burns from exposure to anhydrous ammoni a.
These effects may be secondary to trauma, rather than direct effects of
ammni a on the central nervous system Aninal studies have not reveal ed
overt neurol ogical inpairnment follow ng sublethal inhalation or oral
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exposures to anmoni a; however, sensitive indicators of neurol ogic inpairment
have not been exanined in ani mal nodels of anmmoni a exposure. In view of the
known actions of hyperanmonenm a, further exam nation of the neurol ogic

ef fects of repeated inhalation and oral exposure in animals mght provide a
basis for evaluating the potential for neurologic effects of such exposures
i n humans.

Epi dem ol ogi cal and Human Dosimetry Studies. A chronic
epi dem ol ogi cal study found no adverse effects of |ow | evel ammoni a exposure
on pul nonary function or odor sensitivity in humans. Several human
dosi metry studi es have established taste and odor threshold |evels,
irritation thresholds, and tol erabl e exposure | evels. Based on these
studies, it is clear that the presence of ampnia can be detected by nost
persons at |evels well below those causing serious or |asting effects.
These studies are |imted because nost graded responses are subjective and
dose-effect anal ysis cannot be conducted at concentrations that produce
obvious injury. There are no studies which identify a subpopulation that is
particularly sensitive to ammoni a exposure. Epidem ol ogi cal studies of
humans occupational ly exposed or residing for |ong periods of time near
hazar dous waste sites where anmonia is stored would provide val uabl e
information that is not found in human dosinetry studies or in clinical case
hi stori es.

Bi omar kers of Exposure and Effect. There are no known specific
bi omar kers of exposure for ammonia in hunmans or aninals. Furthernore, no
evidence for alterations in clinical indices of body anmonia or nitrogen
| evel s after exposure to exogenous ammoni a have been reported. It does not
seem useful at this tine to devel op bi omarkers of exposure for ammoni a
because, after exposure to low |levels, ammonia is either rapidly cleared
fromthe body or netabolized to conpounds found endogenously at appreciable
| evel s. Exposure to high concentrations is inmmediately and overtly toxic
whi ch elimnates the need for a nore subtle biomarker.

There are no known specific bi omarkers of effect for ammonia i n humans
or aninmals. Lesions produced by exposure to high concentrations of amoni a
are simlar to those produced by other caustic substances. Until nore
definitive studies have been conpleted that identify target organs and dose-
ef f ect
rel ati onships after acute, internediate, and chronic duration, there
is little value in devel opi ng bi omarkers of effect.

Absorption, Distribution, Metabolism and Excretion. Measurenent of
anmoni a absorption is conplicated by the appreciable | evels of endogenously
produced ammoni a. It appears, however, that inhal ati on exposure to | ow
| evel s of ammonia results in a small anount of absorption. Mst of the
i nhal ed ammonia is retained in the tissues of the upper respiratory tract,
As the ammoni a concentration increases, the ability of the upper respiratory
tract to retain anmobnia is saturated, and a | arger percentage is absorbed
into the blood stream Absorption into the systemc circulation after ora
exposure is linmted. Amoni a absorbed fromthe gastrointestinal tract
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travels via the hepatic portal vein directly to the liver where, in healthy
i ndividuals, nost of it is converted to urea and glutam ne. Although it has
not been extensively studied, dernmal absorption of ammoni a does not occur to
a great extent; WHO (1986) concluded that systemic effects fromskin and eye
exposure to amonia are not quantitatively inportant. Data are not

avail able to assess the distribution of amonia in humans or ani mals.

St udi es on endogenously produced anmoni a, however, indicate that it is
distributed to nost of the organs and tissues of the body. Extensive work
has been conpleted on the netabolismof anmpnia and its participation in the
glutam ne cycle and the urea cycle. Data regarding excretion are limted

but it is known that amonia inhaled at low |levels is excreted primarily
unchanged in the expired breath; ammonia absorbed fromthe gastrointestina
tract is excreted primarily in the urine as urea and urinary anmoni a
conpounds. No information regardi ng excretion after dermal exposure was

| ocated. Until nore definitive studies have been conpleted that identify
target organs and dose-effect relationships after acute, internediate, and
chronic duration there is little value in nore extensive pharnmacokinetic

st udi es.

Conpar ati ve Toxi cokinetics. Avail able data indicate that ammoni a has
simlar targets of toxicity in humans and animals. Ammonia is nost
hazardous as a site-of-contact toxicant; therefore, the respiratory system
is nost vul nerable after inhalation exposure, the gastrointestinal tract is
nost vul nerabl e after oral exposure, and the skin and eyes are nost
vul nerabl e after dermal/ocul ar exposure. Linited human and ani nal data are
avail abl e for toxicokinetics; however, these data indicate that humans and
animal s are probably very simlar regarding the toxicokinetic disposition of
anmoni a. Furthernore, it is reasonable to expect, especially given the
bi ocheni cal inportance of anmonia, that hunans and animals woul d handl e this
compound simlarly.

2.8.3 On-going Studies

St udi es are being conducted by the National Institute of Di abetes and
Di gestive and Ki dney Di seases on renal ammoni a genesis, amno acid
nmet abol i sm and gl uconeogenesi s in various aci d-base states in an effort to
deepen under standi ng of renal anmonia genesis in response to perturbations
of hydrogen ion honeostasis. These studies will use isolated renal cortica
m tochondria and also intact rat renal tubules in the presence and absence
of metabolic nodul ators and/or inhibitors. A study of colonic transport of
el ectrol ytes, organic anions and ammonia is in progress, sponsored by the
Vet erans Adni ni strati on Research and Devel oprnent (Federal Research in
Progress 1988).

Pat hogenesi s of hepatic coma is the focus of several current studies.
Most of these focus on the brain and ammonia's interference with cerebral
energy netabolism One study, sponsored by the National Institute of
Di abetes and Digestive and Ki dney Di seases, is investigating the biochenica
effects on cultures of neurons and astrocytes of acute and chronic exposure
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to excess anmmponi a and Bet a- met hyl eneaspartate (BetaMd), a known inhibitor of
aspartate am notransferase; it is possible that astrocytes are nore
suscepti bl e to amoni a-i nduced netabolic inpairnent than are neurons with
respect to interference with the tricarboxylic acid cycle. Another study,
sponsored by the National Institute of Neurol ogical and Conmmunicative

Di sorders and Stroke, is focused on neurotoxicity of ammonia and shortchain
fatty acids, and is testing hypotheses that these conpounds interfere

with the tricarboxylic acid cycle activity and also alter the structure and
function of the neuronal plasna nenbrane. Both of these studies are being
carried out at Cornell University Medical Center, New York, New York

Anot her study, described only as exam ni ng neuronal effects of anmoni a,
is in progress at the Veterans Admi nistration, Research and Devel opnent, in
Washi ngt on, DC (Federal Research in Progress 1988).
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3.1 CHEM CAL | DENTITY

Data pertaining to the chenmcal identity of anmonia are presented in
Table 3-1. These data are for ammpnia in its pure gaseous state, i.e.,
anhydrous anmonia. Amonia is also avail able as an aqueous sol ution, the
nmost comon commercial formul ati on being 28-30% NH, (Wast 1988). At this
concentration, ammonia fornms a nearly saturated solution in water. Data on
anmoni a i n aqueous sol ution, amoni um hydroxi de, are also included in Table
3-1 where appropriate.

3.2 PHYSI CAL AND CHEM CAL PROPERTI ES

Ammoni um hydroxi de is a weak base which is partially ionized in water
according to the equilibrium

NH + HO <« [NHOH <« NH' + OH

The di ssociation constant, K, is 1.774x10° at 25°C (pK, i s 4.751) and
increases slightly with increasing tenperature (Wast 1988). At pH 9.25
hal f of the ammonia will be un-ionized (NH) and half will be ionized

(NHY. At pH 8.25 and 7.25, 90, and 99% of the ammonia will be ionized,
respectively. Therefore, over npbst of the environnentally significant range
of pHs, ammonia will be largely ionized; the fraction of un-ionized ammonia
wi || becone increasingly nmore inportant at pHs above 7. As a result, many
physi cal and chemi cal properties will be a function of pH For exanple, the
solubility of ammnia in water will increase with decreasing pH The
volatility of anmmonia increases with increasing pH, therefore, it
volatilizes freely fromsolution at high pH val ues. Amopnium salts such as
chloride, nitrate, and sulfate are strongly dissociated and very soluble in
wat er (Weast 1988); Therefore shifts in the ionization will not normally
result in the formation of precipitates.

The physical and chem cal properties of ammonia are presented in Table
3-2. Al'so included are sone chenical and physical properties of anmonia in
solution. Acmmonia in solution is widely available, and it is commonly
referred to as ammoni um hydroxi de or spirit of hartshorn (Wndholz 1983).
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TABLE 3-1. Chemical Identity of Ammonia

Value Reference
Chemical name Ammonia
Synonyms Anhydrous ammonia Windholz 1983
Trade names No data
Chemical formula NH3
Chemical structure H—N—H
|
H
Identification numbers:
CAS Registry 7664-41-7 CAS 1988
NIOSH RTECS B00875000 RTECS 1988
aqueous solution BQY9625000
EPA Hazardous Waste No data
OHM-TADS 7216584 OHM-TADS 1988
DOT/UN/NA/IMCO Shipping UN 1005 HSDB 1988
solution >447% UN 2073
solution >50% UN 2672
HSDB 162 HSDB 1988

NCI ND

CAS = Chemical Abstracts Service

DOT/UN/NA/IMCO = Department of Transportation/United Nations/North
America/International Maritime Dangerous Goods Code

EPA = Environmental Protection Agency

HSDB = Hazardous Substances Data Bank

NCI = National Cancer Institute

NIOSH = National Institute for Occupational Safety and Health

OHM-TADS = 0il and Hazardous Materials/Technical Assistance Data System

RTECS = Registry of Toxic Effects of Chemical Substances
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TABLE 3-2.

Physical and Chemical Properties of Ammonia

Property Value Reference
Molecular weight 17.03 LeBlanc et al. 1978
Color Colorless LeBlanc et al. 1978

Physical state

Melting point

Boiling point

Density:
Gas
Aqueous solution (28%)
Liquid

Vapor density
Odor

Odor threshold:
Water
Air

Solubility:
Water

Organic solvents

Partition coefficient:
Log octanol/water
Log Koc

Vapor pressure:
Anhydrous NHj
Aqueous NH3 (28%)

Henry's law constant

Autoignition temperature

Gas at room temperature
-77.7°C
-33.35°C.

0.7710 g/L

0.89801 (20°C) g/L
0.6818 g/L
(-33.35°C, 1 atm)
0.5967 (air = 1)
Sharp, intensely
irritating

1.5 ppm
25 ppm
48 ppm

42.8% (0°C);

33.1% (20°C);

34% (25°C)
Hydroscopic
Soluble in alcohol,
ether, organic
solvents

No data
No data

8.5 atm (20°C)
447 .0 mmHg (20°C)

7.3x107% atm-m3/mol
(pH 7, 23.4°C)2
1.60x10°° atm-m3/mol
(25°c)P

5.01x10°6 atm-m3/mol
(5°C)

650°C

LeBlanc et al. 1978
LeBlanc et al. 1978
LeBlanc et al. 1978

Weast 1988
Windholz 1983
Windholz 1983

Windholz 1983
Sax and Lewis 1987

Amoore and Hautala
1983
Leonardos et al. 1969

LeBlanc et al. 1978

Weast 1988; Windholz
1983

Sax and Lewis 1987
EPA 1983
Ayers et al. 1985;

Yoo et al. 1986;
Brimblecombe and

Dawson 1984

LeBlanc et al. 1978
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TABLE 3-2 (Continued)

Property Value Reference
Flammability limits 16-25% LeBlanc et al. 1978
in Air
Conversion factors
ppm (v/v) to mg/m3 1 ppm (v/v) = 0.708 mg/m>
in_air (20°C)
mg/m3 to ppm (v/v) 1 mg/m3 = 1.41 ppm (v/V)
in air (20°C)
pH in water 11.6 (1 N) Windholz 1983
11.1 (0.1 N)

10.6 (0.01 N)

8Unitless constant extrapolated from cited data.
bynconverted value of 0.0168 kg-atm/mol was calculated from equation in
citation.
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4.1 PRODUCTI ON

Ammonia is both a natural and a man-made chemical. It is a key
internmediate in the nitrogen cycle in nature, and mcrobial production is by
far the major source of ammonia in the world. The total annual commerci al
production of ammonia was estimated to represent approximtely |-5% of
nature's gl obal anmmoni a budget (ApSinon et al. 1987; Buijsman et al. 1987,
Crutzen 1983; Gal bally 1985; Rosswall 1981).

The | argest anount of ammoni a produced in the world is thought to arise
fromsoil. Amonia from deconposi ng ani nal excreta probably accounts for
the largest proportion of the ammonia produced, with the decay of organic
materials fromplants, dead animals, and the like contributing significant
anmounts (Crutzen 1983; Dawson 1977; Dawson and Farner 1984; Gal bally 1985;
lrwin and WIlianms 1988).

United States annual conmercial production capacity for anmonia was
17.3 million metric tons in 1988 (SRl 1988). O the 63 plants capabl e of
produci ng anmonia, 6 plants, with a conbined capacity of 963,000 netric
tons, were closed indefinitely (SRl 1988). Twenty-nine plants contributed
greater than 100,000 tons each to the total; the three largest contributors,
at greater than 1 mllion tons each (nore than 907,000 nmetric tons), were
Agrico, CF Industries, and Farm and Industries (CVMR 1988). Unocal and WR
Grace were also listed as major producers (C & E News 1987). In 1979,
United States production of ammnia was 18 nmillion tons (16,300,000 netric
tons), 73% of capacity (EPA 1980a); for this year, 101 United States ammonia
plants in 30 states were on |ine. Texas and Louisiana are |isted as the two
maj or produci ng states. These states, along with California, |owa, and
Okl ahoma accounted for 70% of the total United States production in 1979.

The maj or method for commercial production of anhydrous amopnia is a
nodi fi ed Haber-Bosch process. This process was conmercially devel oped in
1913 in Germany. The first United States plant to use this process was
built in Syracuse, NY, in 1921 (Davis 1985). The basi c Haber-Bosch
nmet hodol ogy was still responsible for 98% of the industrially produced
amonia in the United States in 1979 (EPA 1980a). In this process, nitrogen
(obtained fromthe atnosphere) and hydrogen (obtained fromnatural gas) are
m xed together in a 1 to 3 ratio and passed over a catalyst at high
pressure. The ammoni a thus produced is collected by various neans, and any
unreacted feed gas is recirculated through the reactor.

Smal | amounts of ammoni a are produced industrially as a by product of
t he coking of coal. The |argest proportion of industrial ammonia
production occurs in areas where natural gas is cheap and plentiful. Large
pi pelines stretching from Loui siana to Nebraska and Texas to M nnesota carry
anhydrous ammonia fromits site of production to agricultural areas where it
is used as fertilizer (LeBlanc et al. 1978). These pipelines are capabl e of
transporting 7000 tons of ammoni a per day. Ammoni a can al so be shipped in
|arge refrigerated, |ow pressure tanks (4-30 thousand tons) or smaller
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(210 tons) pressurized tanks (Farm Cheni cal s Handbook 1987). Barges are
often used for refrigerated shipments because of their | ower cost. Amonia
can be stored in refrigerated tanks holding up to 36,000 tons for use in

t he anmoni a market. Smaller amounts of ammbnia are stored in pressurized

t anks.

Donesti c production has consistently met the demand, and should remain
relatively constant, yet it will depend on both the anmount of crop acres
pl anted and the price of inported fertilizers.

4.2 | MPORT

Imports into the United States totaled nore than 2.5 million tons (2.27
mllion netric tons) in 1986 (C & E News 1987). United States exports of
anmoni a were 500, 000 tons (453,000 netric tons).

4.3 USE

The | argest and nost significant use of ammoni a and amoni um conpounds
is the agricultural application of fertilizers. Amonia and anmoni um
conpounds used as fertilizer represent 80% of the comrercially produced
ammonia, with fiber and plastics, explosives, and other uses accounting for
10, 5, and 5% respectively (C & E News, 1987). Direct uses of anmonia can
be broken down into the follow ng categories: direct application
fertilizer, 27% urea, 21% ammoni um phosphates, 14% nitric acid, 11%
ammni um nitrate, 8% exports, 6% ammonium sulfate, 3% other, 10% (CVMR
1988). Mbst anmoni um conpounds and nitric acid which are produced from
anhydrous amoni a are used directly in the production of fertilizers.

The snall proportion of comrercially produced ammoni a not incorporated
into fertilizers is used as a refrigerant, a corrosion inhibitor, in the
purification of water supplies, and as a conmponent of househol d cl eaners.

It is also used in the pulp and paper, netallurgy, rubber, food and
beverage, textile, and |eather industries. Anmonia is used in the
manuf act ure of pharnaceuticals and expl osives, and in the production of
various chemical internmediates (LeBlanc et al. 1978; Sax and Lewi s 1987).

4.4 DI SPCSAL

Sol utions of anmonia can be highly diluted with water, or
alternatively, diluted with water and neutralized with HJ and then routed
to the sewer system The receiving stream should not exceed the
established limts for amonia. Linmited amounts of gaseous amoni a may be
di scharged to the atnosphere. Federal, state, and |ocal guidelines should
be consul ted before disposal.

Di sposal of liquified ammonia or of |arge quantities of gaseous or
aqueous amonia directly into water is not desirable, because of the |arge
anount of heat generated. This generation of heat could increase exposure
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to personnel involved in the process. Recovery of ammonia from aqueous
waste solutions is a viable option for many industries (HSDB 1988; OHM TADS
1988) .
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5.1 OVERVI EW

Amonia is a naturally-occurring conpound which is a key intermnediate
in the nitrogen cycle. Under normal conditions, ammpnia is essential for
many bi ol ogi cal processes. The comrercial synthesis of amonia is thought
to contribute less than 5% to the total global ammoni a budget. Because of
its significance in natural cycles, amoni a has a background concentration
in nost environnmental media. When ammonia is found at a | ocal concentration
that is higher than these background levels, it is usually a result of
man' s i nfluence. Amonia i s hazardous only when exposure is to high |evels.
In determining the environnental fate of ammonia, several factors
shoul d be considered. Amonia is the nost abundant basic gas in the
environnment. An aci d-base reaction between water and anmoni a occurs, such
that the dom nant formof amonia in water, at environnmentally significant
phs, is the anmoniumion. In nmedia where water is usually present, such as
soil, plants, biological tissue, and water itself, ammonia and amoni um are
in dynamc equilibrium

Ammonia is a key internmediate in the nitrogen cycle, a natural cycle
which is tied to the other inportant biological cycles (i.e., sulfur cycle
or carbon cycle). An understanding of the role of anmonia in the nitrogen
cycle, at least on a generalized level, is inportant in deternining the
environmental fate of ammoni a.

A sinplified schematic of the microbial processes of the nitrogen cycle
whi ch invol ve anmoni a can be found in Figure 5-1. Four processes in the
nitrogen cycle perfornmed by m croorgani sns to produce or transform anmoni a
are nitrogen fixation, nitrification, denitrification, and amonification
As part of this cycle, nitrogen gas and oxidized fornms of nitrogen are
returned to the biological world. Nitrogen fixation is the process whereby
atmospheric nitrogen gas is converted to anmonia; only a few species of
m croorgani sns have the ability to fix nitrogen. Denitrification is the
process whereby nitrogen oxi des are reduced under anaerobic conditions to N2
and N,O which can escape to the atnosphere. Nitrification is the biol ogical
oxi dati on of anmoni acal nitrogen or other reduced fornms of nitrogen to
nitrate with nitrite as the internmediate. Amonification is the conversion
of organic nitrogen into inorgani c amoni a.

Amoni a may be rel eased to the atnosphere by volatilization fromthe
fol |l owi ng sources:

e Decaying organic natter
e Animal livestock excreta

e Fertilization of soil
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FIGURE 5-1. Simplified Schematic for the Microbial Processes
of the Nitrogen Cycle
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e Venting of gas, |eaks, or spills during conmerci al
synt hesi s, production, or transportation

e Sewage or wastewater effluent
e Burning of coal, wood, and other natural products

e Vol canic eruptions

Anmmoni a may be rel eased to water through the follow ng:
o Effluent from sewage treatnment plants
e Effluent fromindustrial processes
e Runoff fromfertilized fields

e Runoff from areas of concentrated |ivestock

Ammoni a nmay be rel eased to soils by:
e Natural or synthetic fertilizer application
e Aresult of livestock excrenent

e Decay of organic material from dead plants and
ani mal s

e The natural fixation of atnospheric nitrogen

In the atnosphere, ammonia can be renoved by rain or snow washout.
The reaction with acidic substances, such as HSO, HC, or HNQ, produced
in high concentrations from anthropogenic activity produces anmoni um
aerosol s which can then undergo dry or wet deposition. The gas phase
reaction of ammonia with photochem cally produced hydroxyl radicals is
t hought to contribute about 10%to the overall atnospheric renoval process.
The best estimate of the half-life of atnospheric amonia is a few days.

In water, ammnia volatilizes to the atnosphere. This process is
hi ghly pH dependent, and can al so depend on other factors such as
tenperature and wi nd speed, and at nospheric concentration. Amonia in water
can be renoved by the mcrobial processes of nitrification and
denitrification. Nitrification yields nitrate and nitrite anions; the
former species can be responsible for nethenogl obinema in human infants if
the contam nated water is ingested. Adsorption of ammobnia to sedi nent and
suspended organic material may occur
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In soil, amonia nmay either volatilize to the atnosphere, adsorb to
soil, or undergo mcrobial transformation to nitrate or nitrite anions.
Upt ake by plants can also be a significant fate process. Ammopni a at natural
concentrations in soil is not believed to have a very long half-life. If
ammonia is released to soil in large concentrations, the natural processes
can becone overwhel ned, and the environnental fate of ammonia will becone

dependent upon the physical and chem cal properties of ammnia, until the
amoni a concentration returns to tol erable |evels.

Cccupational exposure to ammonia nay occur in industries involved in
its synthesis, formulation, transportation, and use. Cccupati onal exposure
to anmoni a can occur during the use of an extensive nunber of cleaning
products that contain anmoni a. Farnmers may be exposed during the
application of fertilizers, and workers at cattle feedlots, poultry
confinenment buildings, or other industries which have a high concentration
of animals may al so be exposed.

Exposure of the general population to elevated |evels of ammopnia is
nost commonly fromthe use of househol d cl eaners contai ni ng anmoni a.
Peopl e who live near farns or who visit farnms during the application of
fertilizer may al so be exposed. People living near cattle feedlots, poultry
confi nement buil dings, or other areas where ani mal popul ations are
concentrated can al so be exposed to ammnia, in addition to other gases
generated by putrefaction. Amonia has been identified at 23 out of 1177
National Priority List (NPL) hazardous waste sites in the United States
(VI EW Dat abase 1989). The frequency of these sites within the United States
can be seen in Figure 5-2.

5.2 RELEASES TO THE ENVI RONMENT

Ammonia is released to the environnent as a result of the activities of
both man and nature. Amonia is a key internediate in nature's nitrogen
cycle, and as such, ammopni a concentrations in nature and natural nedia are
in dynamc equilibrium Wen ammonia is found at el evated concentrati ons,
it is usually a result of anthropogenic activity.

5.2.1 Air

Large anmobunts of anmmonia are rel eased to the atnosphere worl dwi de by
domesticated farmanimals (ApSinon et al. 1987; Asnman and Janssen 1987,
Ryden et al. 1987). Amoni a emi ssions due to the decay of |ivestock manure
are a source for amonia release in areas that have artificially high
concentrations of animals, such as cattle feedlots and poul try confinenent
bui I di ngs (Hutchinson et al. 1982). The use of high nitrogen content feed
for farmaninmals, and the trend toward | arger feedlots, has been responsible
for increased em ssions in devel oped countries.

The application of fertilizer to soil, as amoni a, anmoni um conpounds,
or ammoni a precursors (such as urea), is a well docunented source of ammoni a
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rel ease to the atnosphere (ApSinon et al. 1987; Beyrouty et al. 1988;

Bui jsman et al. 1987; Kucey 1988; Reynolds and Wl f 1988). The rate of
anmoni a em ssion from ground sources, such as freshly fertilized fields and
cattle feedlots, is dependent on variables such as the pH, tenperature, soi
characteristics, rainfall, nethod of application, w nd speed, etc.
(Bouwreester and Vlek 1981; Brunke et al. 1988; Dennead et al. 1982; Hoff
et al. 1981; Kucey 1988; Nason et al. 1988; Reynolds and Wl f 1988).
Ammoni a can vol atilize from sewage sludge that has been spread on the
surface of the soil (Beauchanp et al. 1978; Ryan and Keeney 1975).

Bi ol ogical activity in soil is believed to be the primary gl obal
source of atnospheric amonia (Dawson 1977; Dawson and Farnmer 1984).
Crutzen (1983) suggested that the decay of organic material arising from
dead plants and animals, etc., generates nost of the atnospheric anmoni a,
while Galbally (1985) and Irwin and WIllians (1988) suggested that ani nal
excretions represent the doni nant source of atnospheric anmoni a.

Ammoni a can be rel eased to the atnosphere through the venting of gases
during its production, storage, and transportation, and during its
formul ati on or incorporation into secondary products (Buijsman et al. 1987).
Long pipelines are used to transport amonia fromits site of manufacture to
agricultural areas where it is used as fertilizer (Farm Chenicals Handbook
1987; LeBlanc et al. 1978). Rel eases to the atnosphere could occur at
punpi ng stations and points of transfer along these pipelines, or from
| eaks. Large refrigerated tanks are used to store amonia, and release to
t he environment can occur while venting the pressure in these tanks, or from
| eaks.

Ammoni a can enter the atnosphere by volatilization fromthe wastewater
of industrial processes which involve its production or use, and fromthe
vol atilization fromthe effluent of wastewater treatnment plants (Roy and
Poricha 1982; WIkin and Flemal 1980). Ammonia has been found in the
exhaust of autonobile and di esel engines (Pierson and Brachaczek 1983).

Rel ease to the atnosphere can occur during the burning of coal (Bauer and
Andren 1985). The latter process is thought to account for a significant

proportion of the total anthropogenic amoni a rel eased to the atnosphere

(Crutzen 1983).

Nat ural sources of anmopnia em ssions to the atnosphere are vol canic
eruptions, forest fires, and the mcrobial fixation of nitrogen (Galbally
1985; Hegg et al. 1987). Excreta from household pets, wild animals, and nan
hi nsel f are al so contributing sources (Asman and Drukker 1988; Buijsman
et al. 1987; Crutzen 1983).

5.2.2 Water
The maj or point source of release to surface waters is fromthe

ef fluents of wastewater treatnent plants (WIkin and Fl emal 1980). Ammoni a
can enter surface waters through the effluent of commercial processes in
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whi ch ammonia is used or produced (Roy and Poricha 1982). Runoff from
fertilized farm and and from areas of concentrated |ivestock production can
also result in the transfer of ammonia to surface water (WIlkin and Fl ema
1980). Surface water can absorb ammnia directly fromthe at nosphere near
cattle feedlots, areas where the | ocal atnospheric concentration nay be hi @
(Hut chi nson and Viets 1969).

5.2.3 Soil

Ammoni a can enter the soil by direct application of fertilizers. O
the total United States production of anhydrous amonia, 27%is applied
directly to the soil under pressure (CVMR 1988). Approximately 80% of the
United States production of anmonia is applied to soil in fertilizer
formul ati ons designed to rel ease amoni acal nitrogen. Application of
natural fertilizers obtained fromlivestock excreta will also result in the
rel ease of amonia to the soil (Beauchanp et al. 1982; Hoff et al. 1981).
H gh | evels of ammonia in soils can result fromthe deconposition of animal
wastes on cattle feedlots or other confinement areas. Amonia in soil can
also arise fromthe decay of organic material fromplants and aninmals, etc.
(Dawson 1977; Dawson and Farmer 1984). Mcrobial fixation of nitrogen from
the atnosphere is a natural and continual source of ammonia in soi
(Gal bal Iy 1985).

In nature, there are many pat hways for incorporation of ammnia into
soil. Natural sources include mcrobial deconposition of dead plants and
ani mal s, and hydrol ysis or breakdown of urea and nitrogenous waste products
in animal excretions. Only a few species of mcrobiota can produce anmoni a
by the fixation of nitrogen; however, these species are wi dely dispersed
t hroughout the soil (Crutzen 1983).

5. 3 ENVI RONMENTAL FATE

In considering the environnmental fate of ammonia, it is necessary to
enphasi ze that ammonia is very inportant in nature and in nature's
bi ol ogi cal cycles. In our limted understanding of these cycles, ammonia
can be considered a key internmedi ate. Nature has incorporated many
mechani snms and rules for altering the distribution of anmonia through the
bi ol ogi cal system as circunstances dictate. An in-depth discussion of these
phenonena is outside the scope of this docunent; however, it is inportant to
understand that for anmonia, alnost all organi snms can contribute, either
directly or indirectly, to the direction and distribution of the various
environmental fate processes.

An inportant consideration that affects the transport and partitioning
of ammpnia in the environnent is that ammonia is a base. As a base, the
physi cal and chem cal properties of amonia are pH dependent, and thus,
environnmental fate processes are al so pH dependent. For some environmenta
fate processes, a change in pH may only affect the relative rate of a
process, while for others, it could change the direction or overall result
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of that process. The influence of pH on the environmental fate of anmmonia
wi || be discussed where appropriate. Tenperature is also an inportant
consideration in the environnmental fate of ammonia. Tenperature, although
to a | esser extent than pH, affects the ammoni a- amoni um equilibrium

5.3.1 Transport and Partitioning

At nospheric ammoni a can be readily renoved fromthe air by rain or snow
washout (Adanowi cz 1979; Kumar 1985). It can dissolve in clouds
(Brinbl econbe and Dawson 1984; Sprenger and Bachmann 1987) or fog (Johnson
et al. 1987). Amoni a can be renoved fromthe atnosphere through the direct
absorption by surface waters in areas where the | ocal atnospheric
concentration is high (Hutchinson and Viets 1969). Uptake of atnospheric
amoni a by different species of plants also occurs (Nason et al. 1988;
Rogers and Aneja 1980). Depending on the |ocal atnospheric concentration,
however, plants can also rel ease anmonia to the atnosphere (O Deen and
Porter 1986; Parton et al. 1988). It has been denpnstrated by using 15NH3
that nminerals and dry soil can rapidly and effectively adsorb NH3 fromair
containing trace quantities of this gas (Bremer 1965).
Ammoni a is the predom nant basic gas in the atnosphere. As such, it is
capabl e of rapidly reacting with gaseous HSO, HNO, or HCO, form ng
amoni um aerosol s which can then undergo dry deposition (lrwin and WIIlians
1988) .

If released to surface water, amoni a volatilizes to the atnosphere.

The rate of volatilization of ammonia fromwater will increase with
i ncreasing pH and tenperature, and can depend on other environmental factors
as well. Gaseous or liquid amonia added to water will increase the pH of

the medium the rate of volatilization nay increase dramatically if |arge
anounts are released to relatively small static bodies of water, such as
rice paddies. Agitation will also increase the rate of volatilization
Georgii and G avenhorst (1977) calculated the equilibriumconcentration of
anmoni a above the Pacific Ocean. Using a constant concentration of 3

prol /L, the ammoni a concentrati on above the ocean as a result of increased
vol atilization changed from approximately 2.8-7 ppb as the pH increased from
8.0-8.4 (at 25°C). Volatilization of amonia fromflooded rice paddi es was
found to increase with increasing amoni acal nitrogen concentration, pH
temperature, and wind velocity (Bouwreester and Vlek 1981). Ammoni a can

al so be taken up by aquatic plants as a source of nutrition.

Adsorption of anmonia to sedi ment and suspended organic material can be
i mportant under proper conditions. Adsorption to sedinment should increase
wi th increasing organic content, increased netal ion content, and
decreasi ng pH Ammoni a, however, can be produced in, and subsequently
rel eased fromsedi nent (Jones et al. 1982; Malcolmet al. 1986).
The uptake of ammonia by fish can al so occur under the proper
conditions (Mtz and G esy 1985). Acting as the final breakdown product for
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catfish, ammonia is normally released through the gills into the
surroundi ng water, driven by a concentration gradient. If the water
concentration is abnormally high, the direction of passive amonia transport
is reversed.

A conpl ete discussion of the factors influencing the transport and
partitioning of anmonia in soil is outside the scope of this docunent.
Adsor ption of anmpbnia occurs in nost noist or dry soils, and ammpnia is
predom nantly, but not exclusively, held as the ammoni umion. Generally,
adsorption will increase with increasing organic content of the soil, and
will decrease with increasing pH OQher factors that influence the
adsorption of ammonia to soil are the presence of netallic ions, the
m crobi al popul ation, and its uptake by plants. The ammoni a concentrati on,
tenperature, and wi nd speed can also subtly affect the adsorption process by
i nfluencing the rate of volatilization (Bouweester and Vl ek 1981; Brunke
et al. 1988; Dennead et al. 1982; Galbally 1985; Hoff et al. 1981; Kucey
1988; Nason et al. 1988; Reynolds and Wl f 1988). For exanple, ammoni a | oss
fromsoil in a greenhouse experinment after the application of manure to the
soil surface was found to be 14% of the applied amoniumat a soil pH=6.4
(manure pH=6.4). At a pH=7.0 (manure pH=7.8), 65% was | ost by
volatilization (Hoff et al. 1981). The threshold pH at which anmonia
volatilization fromsoil was drastically reduced between pH 3.5 and 4.0
(Mahendr appa 1982).

Because anmoni a, as anmmoniumion, is the nutrient of choice for many
pl ants (Rosswall 1981), uptake of soil ammonia by living plants is an
i mportant fate process. The rate of uptake by plants varies with the
growi ng season. At normal environnental concentrations, anmpnia does not
have a very long lifetine in soil. It is either rapidly taken up by
pl ants, bioconverted by the mcrobial population, or volatilized to the
at nosphere. Because of these processes, ammoni a does not |each readily
through soil; thus, it is rarely found as a contam nant of groundwater. In
soi |, anmonia which results fromthe application of fertilizers is usually
found in the top 10 inches of the soil (Beauchanp et al. 1982). However,
nitrate derived fromamoni a nay penetrate groundwater

5.3.2 Transformati on and Degradati on
5.3.2.1 Air

In air, a dominant fate process for ammonia is the reaction with acid
air pollutants. The reaction of ammonia with HNO, and HSO, to form
particul ate anmoni um (NH,") conpounds is rapid (Irwin and WIlianms 1988).
The extent to which this process serves as a renoval mechani sm depends on
the |l ocal concentrations of these acidic conpounds. Thus ( it is nore
important in areas of high industrial activity, and of |esser inportance
over rural areas. These ammoni um conpounds can then be renoved by dry or
wet deposition.
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The vapor-phase reaction of ammoni a wi th photochem cally produced
hydroxyl radicals is known to occur. The rate constants for this reaction
have been determ ned to be 1.6x10* cm/ nol ecul e-set, which translates to a
calculated half-life of 100 days at a hydroxyl radical concentration of
5x10° nol ecul es/cnB (G aedel 1978). This process reportedly contributes
approxi mately 10%to the renoval of atnospheric amonia (Crutzen 1983).
Since ammonia is very soluble in water, rain washout is expected to be a
domi nant fate process. The half-life for ammonia in the atnosphere was
estimated to be a few days (Brinbl econbe and Dawson 1984; Crutzen 1983;
Dawson 1977; Gal bally and Roy 1983; Ml ler and Schi ef erdecker 1985). The
reaction of atnospheric ammonia with acidic substances in the air results in
the formation of amoni um aerosols whi ch can subsequently be renoved from
t he at nosphere by dry or wet deposition

5.3.2.2 Water

In surface water, groundwater, or sedinent, anmonia can undergo
sequential transformation by two processes in the nitrogen cycle,
nitrification and denitrification, which would produce ionic nitrogen
conpounds, and fromthese, elenental nitrogen. The ionic nitrogen
conmpounds formed fromthe aerobic process of nitrification, NO and NO, ,
can then |l each through the sedi nent or be taken up by aquatic plants or
ot her organi snms. Hi gh concentrations of nitrates in groundwater can cause
met henogl obi nem a in infants when contam nated water is ingested
(Payne 1981). Elenmental nitrogen formed fromthe anaerobic process of
denitrification is lost by volatilization to the atnosphere.

In water, ammonia is in equilibriumw th the ammoni umion, NH’. The
ammoni a- ammoni um equi l i briumis highly dependent on both the pH ané, to a
| esser extent, the tenperature of the nedium In acidic waters, the
equi libriumfavors the amoni um i on

5.3.2.3 Soil

In soil, amonia can serve as a nutrient source, which can be taken up
by plants and ot her organi sns and be converted to organic-nitrogen
conpounds. Ammonia in soil can be rapidly transformed to nitrate by the
m crobi al popul ation through nitrification (Payne 1981). The nitrate thus
formed will either |each through the soil or be taken up by plants or other
organi sms. Very high | ocalized concentrations of ammoni a coul d becone toxic
to plants, organisns, or the microbiota, thus decreasing the rate of the
above bi ol ogi cal processes, such that other fate processes dictated by the
physi cal and chem cal properties of ammonia can dominate until the ammonia
concentration returns to a tolerable |evel. Specifically, amonia my
either be bound to soil or undergo volatilization to the atnosphere.
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5.4 LEVELS MONI TORED OR ESTI MATED | N THE ENVI RONVENT

In discussing the concentration of amronia nonitored in the
environment, it is inportant to consider both ammopnia and its conjugate
acid, the amoniumion. |ndependent determ nation of these conpounds cannot
al ways be achieved. In an analysis of the literature, it is difficult to
separ at e aqueous anmoni a concentration from agqueous ammoni a- anmoni um
concentrations unless the investigators made a special effort to determ ne
t he ampbunt of un-ionized amonia. In this section of the docunent, ammoni a
will refer to the amoni a and ammoni um concentration, and un-ionized anmoni a
will refer specifically to the anmonia concentration

In the at nosphere, ammonia can exist in its gaseous state, dissolved in
rain, fog, or clouds, or it can be found as amoniumin particul ates and
aerosol s. These species can be analyzed for separately. For this reason,
at nospheri c amoni a concentrations reported in this docunent will refer to
the concentrati on of gaseous ammonia, and not to the concentrations of
ammoni um conpounds.

5.4.1 Air

Ammoni a has a wor | dwi de at nospheric background concentrati on.
Esti mates of the average gl obal amoni a concentration are approximtely |-3
ppb (Crutzen 1983; Georgii and G avenhorst 1977). Dawson and Farner (1984)
reported that the average value for the ammonia concentration in the
southwestern United States to be 0.9 ppb, which nay be considered a
representati ve background val ue because at the site of these neasurenents,
the preval ent winds cane fromthe Pacific Ocean and there were no known
urban or agricultural anmonia sources nearby. \Wen atnospheric ammoni a
| evel s have been determined to be above background | evels, the neasurenents
can often be correlated with activity that m ght occur in nearby areas.

Based on early data on the concentration of ammonia in rain, Lau and
Charl son (1977) determined a trend for the atnospheric amoni a
concentration across the United States. The estination of atnospheric
amoni a content increased progressively starting fromthe east coast to the
m d-west and on to the western states. Upon reaching the Pacific coast, the
at nospheri c ammoni a concentration decreases. Al though the val ues obtai ned
inthis study tend to be | ower than those determ ned by nore recent
experinments, the conclusion appears valid, and is indicative of the trends
found for the ammni a concentrations in the atnosphere. Atnospheric
amoni a concentrations are expected to be highest near intense agricultural
or livestock production areas, because of amopnia emissions fromfertilizer
and ani mal excreta, respectively. Lower concentrations are expected in the
nmore industrialized areas because of dim nished sources of agricultural
em ssions and the atnospheric reaction of amonia wi th acidic conmpounds
known to be produced in industrial enissions.
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Ground | evel anmoni a concentrations taken at urban Hanpton, and rura
Langl ey, VA, ranged fromO0.2-4.0 and 1.5-4.0 ppb, respectively, in the fall
of 1979 (Harward et al. 1982). Amonia concentrati ons obtained i n Decenber
of 1979 on Long Island, NY, ranged from approxi mately 80-200 nmol/nmi (1.9-
4.8 ppb) (Tanner 1982). The ground | evel amopni a concentrations in
G arenont, Los Angel es, and Anaheim CA, were |ess than 25 ppb
(Russell et al. 1988). In Riverside and Rubi doux, CA, areas near dairy
feedl ots, the ground |l evel ammonia concentrati ons were 37-132 ppb and
approxi mately | o0-100 ppb, respectively.

The anmbi ent concentrations of ammoni a determned at Wiiteface M., NY
in 1982, ranged from approxi mately 0.3-5 ppb, with the hourly nedi an and
mean val ues both determned as 2.2 ppb (Kelly et al. 1984). Ammoni a
concentrations in rural Thurber, NV, ranged from approximately 0.5-2 ppb
(Farmer and Dawson 1982). In the atnosphere over the world' s oceans,
ammoni a concentrations ranged from approxi mately 0.28-5.6 ppb (Georgii and
Gravenhorst 1977).

Several investigators have studied the seasonal variation of ammonia
concentrations in the atnosphere. In Hanpton, VA, the ground |evel anmonia
concentrations during the spring and sumrer were 10 and 1 ppb, respectively
(Levine et al. 1980). The difference in concentration may have been due to
volatilization of amonia resulting fromspringtine application of
fertilizer in nearby agricultural areas. In Warren, M, the average
amoni a concentrations nmeasured during the sumer, fall, winter, and spring
were 0.85, 0.37, 0.10, and 0.16 ppb, respectively. The difference in
concentrations was attributed to fluctuations in em ssions fromlivestock
excreta, where activity in sunmer is greater than in winter (Cadle 1985).
Additionally, in colder weather, microbial activity would be expected to
decrease, and thus ammoni a em ssions fromthe decay of organic matter woul d
al so be expected to decrease. Anmoni a em ssions from ani nal excretions al so
fluctuate with the tine of day (Beauchanp et al. 1982; Brunke et al. 1988).

The concentration of anmonia in the atnosphere decreases with
altitude. Levine et al. (1980) found that an anmoni a concentration of 10
ppb neasured at ground | evel decreased to a concentration of 1.5-3 ppb at a
hei ght of 10 km 1In a historical nodeling study on the European production
of ammoni a, |evels based on ammoni a rel ease fromlivestock (dom nant),
fertilizer production and application, human and donestic aninmals, and
sewage sludge resulted in average atnospheric ammoni a concentrations rangi ng
fromO0.6-1.4 ppb for 1970 and 0.7-5.6 ppb for 1980. The greatest increase
occurred between 1950 and 1980, when synthetic fertilizer application and
hi gh nitrogen content feed grains were w dely used (Asman and Drukker 1988).
The anmoni a concentration over a field during the application of gaseous
anmmoni a fertilizer was as high as 213 pg/n8 (300 ppb) (Dennead et al. 1982).
Over cattle feedlots, atnospheric ammoni a concentrations have been neasured
at 373-1540 pg/ nB8 (520-2160 ppb) (Hutchinson et al. 1982).
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5.4.2 Water

The concentration of ammonia in the Ochl ocknee R ver at the head of
Cchl ocknee Bay, FL, ranged from 1.8-2.5 uM (approxi mately 31-43 ppb), and a

concentration of 0.5-1.5 uM (approxi mately 8.5-26 ppb) was determ ned at the
nmout h of the bay (Seitzinger 1987). The concentration determned in the

Cchl ocknee River is consistent with | evels reported for unpolluted tropica
rivers (Meybeck 1982). Typical ammonia levels in the Skunk Creek, IA,
upstream from a nunici pal sewage treatnent facility were below 1 ng/L

(1000 ppb) (Crumpton and |Isenhart 1988). Downstream of the facility,

amoni a | evel s peaked at approximately 16 ng/L (16,000 ppb), with [ evels of
un-ioni zed ammoni a ranging <l -2.2 ng/L (<l 000-2200 ppb). The |evels of

undi ssoci ated ammonia were directly related to pH fluctuations in the river.
The author did not discuss why the upstream concentration was so high. The
mean anmoni a concentration in three Illinois rivers ranged fromO0.28 ng/L
(280 ppb) to 6.08 ng/L (6880 ppb). The | ower val ues were associated with
agricul tural sanpling points and the higher values were associated with
urban sanpling points (WIlkin and Fl emal 1980).

The ammoni a concentration nmeasured in Ham |ton Harbour, Ontario, was
typically 0.1-3 ng/L (100-3000 ppb). This body of water is used for water
transport, as a source for industrial cooling water, and a receptor for
wast ewat er di sposal (Snodgrass and Ng 1985).

No representative data regarding the concentration of anmonia in
groundwat er were | ocated. Low |l evels of ammoni a have been found in
groundwat er wells under cattle and poultry feed lots, and in shallow wells.
Wells 3-6 mdeep showed little variation in anmonia concentration over a
3-year period where varying anmounts of chicken manure were spread over
agricultural plots, except when excessive amounts (54-179 nton/ha) were
applied (Liebhardt et al. 1979). Shallow wells in North Carolina had
typi cal ammoni a concentrations of 0.1-1 ppm (100-1000 ppb), which were
i ndependent of |and use, plant type, and anount of fertilization (GIIliam
et al. 1974). Water sanples fromwells on four schoolyards in M chigan
whi ch used septic tank sewage systens had ammoni a concentrations rangi ng
from 0-733 ppb (Rajagopal 1978). In the Netherlands, the amoni um
concentration detected in sanmple cups buried 1.2 min the ground ranged from
0-2.3 nmg/L (0-2300 ppb) (Krajenbrink et al. 1988). Ammonia was not found in
deep wells analyzed in this study. The high adsorptivity of anmmoniumto
soil and the rapid conversion of anmonia to nitrate by mcrobial action are
bot h consistent with the usual finding of very | ow anmonia concentrations in
gr oundwat er .

Ammoni a was neasured in rain and snow sanples fromthree sites in
northern Mchigan in 1978-79. Concentrations ranged from 1. 4-205 peg/L
(23.8-3500 ppb), with nmean values for each site of 47.9, 33.6, and
37.1 peg/L (816, 572, and 632 ppb). Concentrations were generally greatest
in the spring and fall, and were | owest during the winter (Minger 1982).
Anmoni a concentrations in bulk precipitation obtained in the Netherlands had
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nmedi an val ues ranging from78 unol/L (1330 ppb) in ocean areas to 299 unol/L
(5090 ppb) in heavily agricultural areas (Schuurkes et al. 1988).

Ammoni a concentration in the influent to sewage treatnent plants and
thus the effluent fromsewer systens can typically range from| 0, 000-
20, 000 ppb (Englande et al. 1978; Hauser 1984; Martel et al. 1980).
Wastewater treatnment plant effluent is one of the few types of point sources
of ammoni a em ssions to surface water. In a study of these plants, eight of
ni ne plants exceeded the gui deline amonia concentration (0.5 ng/L), with
nmeasur ed nmedi an val ues at these sites ranging fromO0.08-15 ng/L (80-15, 000
ppb) (Englande et al. 1978).

Ammoni a has been found in water sanples from 18 of 357 hazardous waste
sites in the contract |aboratory programstatistical database at nean and
medi an concentration ranges of |-14,025 and |-16, 157 ppb, respectively (Viar
1987).

No data were located in the available literature regardi ng ammoni a
concentrations in drinking water. This may be attributed to the facile
reacti on between ammoni a (and amoni un) and the chlorinating agents used in
water treatnment plants (Mrris 1978).

5.4.3 Soil

A 4-year study on ammonia levels in the soil (0-10 cm deep) of an open
field (sanples obtained in early May) ranged froml-5 pg/g (1000-5000 ppb)
(Beauchanp et al. 1982). The day after application of liquid cow manure,
the soil concentration ranged from 2-3349 ug/g (2000-3, 349, 000 ppb). Five
days after application, the concentration of anmoni umranged from 2-848

ug/ g (2000- 848, 000 ppb). The greatest ammoni a concentration was in the
uppernost 4 cm of soil.

Ammoni a was found at 15 of 1177 hazardous waste sites on the National
Priority List (NPL) of highest priority sites for possible renmedial action
(VIEW 1989). The reported frequency of ammonia in soil sanples was 22 of
357 hazardous waste sites in the contract |aboratory program statistical
dat abase, with nmean and nedi an concentrations in the range 1250-1, 879, 000
and 1500-1, 879, 000 ppb, respectively (Viar 1987).

5.4.4 Oher Media

The anmoni a concentrations nmeasured in the plunmes of seven forest
fires in the Western United States ranged from 7-130 ppb; the nedian val ue
of the 13 neasurenments was 37 ppb (Hegg et al. 1987,1988). Amopni a has been
found in the exhaust of autonobile and di esel engines (Pierson and
Brachaczek 1983). Ammoni a has al so been deternined to be a conponent of
tobacco and cigarette snoke (Sl oan and Morie 1974).
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5.5 GENERAL POPULATI ON AND OCCUPATI ONAL EXPOSURE

The nost probable routes by which the general population is exposed are
by the inhalation of amonia that has volatilized from conmon househol d
cl eaning products and through dermal contact during the use of these
products. Inhal ati on exposure to anmonia by sone nmenbers of the rura
popul ati on may occur for those who are near agricultural areas during the
fertilizer application period and those near ani mal feedl ots or confinenent
areas, and those who apply anhydrous ammonia to fields.

In the NOHS Survey of 1972-1974, it was statistically estinmated that
2,524,678 workers are exposed to anmonia in the United States (RTECS 1988).
According to the NOES Survey 1981-1984, 569,950 workers were estimated to be
exposed (NI OSH 1988). A correlation of data fromthe EPA Air Toxics
Em ssion Inventory with industrial source codes (SIC codes) shows that
volatile em ssions of amonia are associated with 212 different industrial
classifications (Pacific Environmental Services, Inc. 1987).

Wrkers in swine and poultry confinenment buil dings may be exposed to
el evated | evel s of amonia (Attwood et al. 1987; Donham and Popendorf 1985;
Jones et al. 1984; Leonard et al. 1984). Average anmonia concentrations in
the air of these buil dings depend on nunerous factors; representative val ues
ranged from 0. 28-42.2 ppm (280-42, 200 ppb) (Attwood et al. 1987).

Ammoni a air |evels at an ammoni um phosphate fertilizer production plant
ranged from 3-75 ppm (3000- 75, 000 ppb) (Apol and Singal 1987). In a
Fi nni sh pl ywood factory, short-term amoni a concentrations during the nmxing
of urea-formal dehyde gl ue were 50-70 ppm (50, 000-70, 000 ppb) (Kauppinen
1986) . Ammoni a concentrations at 42 facilities using a blue-line printing
systemwere | -40 ppm (| 000-40, 000 ppb) (Tuskes et al. 1988). Wrkers at
coal gasification units may be exposed occupationally to amonia (Van Hoesen
et al. 1984). Wrkers at ammonia transportati on and storage facilities can
be exposed to ammonia during the transfer between facilities, the venting of
built-up pressure in tanks, and during |leaks or spills.

Farmers can be exposed to amoni a when applying fertilizer. The
amoni a concentration over a field during the application of gaseous

anhydrous amonia fertilizer was as high as 213 pg/ni (300 ppb) (Dennead
et al. 1982). Wrkers at cattle production facilities and those who work
under conditions where volatilization fromani mal excreta would be enhanced,
may be occupationally exposed to ammonia. Over cattle feedlots, atnospheric

anmmoni a concentrations have been neasured at 373-1540 pg/ m (520-2160 ppb)
(Hutchinson et al. 1982). Exposure to ammopni a can occur by inhalation in
the liquid manure storage facilities of sw ne confinenment buildings.

Anmbi ent air |levels have been nmeasured at up to 50 ppm (50, 000 ppb) in these
facilities (Donhamet al. 1982).
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5.6 POPULATI ONS W TH POTENTI ALLY HI GH EXPOSURE

Workers in industries that commopnly use anmmonia, especially if there
are no adequate safety and/or venting systems, may be at risk for
potentially high exposure to ammoni a. The general population is at risk to
hi gh |l evel s of exposure if cleaning products containing concentrated
solutions of ammonia are used in snall, enclosed, or unventil ated roons.

5.7 ADEQUACY CF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Admi nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agencies and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of ammnia is avail able. Were adequate information is not
avail able, ATSDR, in conjunction with the NTP, is required to assure the
initiation of a program of research designed to determne the health effects
(and techni ques for devel opi ng nmethods to determnine such health effects) of
ammoni a.

The follow ng categories of possible data needs have been identified by
a joint teamof scientists from ATSDR, NTP, and EPA. They are defined as
subst ance-specific infornmati onal needs that, if met would reduce or
elimnate the uncertainties of hunan health assessnent. In the future, the
identified data needs will be evaluated and prioritized, and a
subst ance-specific research agenda will be proposed.

5.7.1 ldentification of Data Needs

Physi cal and Chemical Properties. The physical and cheni cal
properties of ammoni a have all been well docunented, and there do not appear
to be any data needs in this area.

Production, Use, Release, and D sposal. The | arge anounts of ammoni a
produced in nature and in househol d products indicate that the risk for
human exposure to anmoni a exists. Data regarding the conmercial production,
di sposal, and use of ammonia are well understood. Data regarding the
producti on of ammonia by natural organisns, and its gl obal and regional
concentrations are not as well understood. This information would be usefu
in determning the contribution of anthropogenic ammonia to the gl obal
budget of this conmpound, which would help in determning man's influence on
t he gl obal cycle.

According to the Emergency Planning and Comunity Ri ght-to-Know Act of
1986 (EPCRTKA), (8313), (Pub. L. 99-499, Title Ill, 9313), industries are
required to subnmit release information to the EPA. The Toxi c Rel ease
Inventory (TRI), which contains release information for 1987, becane
avail able in May of 1989. This database will be updated yearly and should
provide a nore reliable estimate of industrial production and eni ssion.
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Envi ronnmental Fate. Since ammonia is a key internmediate in the
nitrogen cycle, the environnental fate of ammonia should be interpreted in
terms of its involvenent in this cycle. Information avail able on the
environnental fate of ammnia is sufficient to define the basic trends, and
sufficient data are avail abl e regarding the direction of changes in these
trends resulting fromchanges in the key variables. There are nany subtle
facets of the fate of amonia in the environnent which depend on nature and
its cycles. Thus, accurately predicting the environmental fate of ammonia
is not possible with our present know edge.

An understandi ng of the environnental fate of anmonia is inportant
when considering that man's contribution to the gl obal anmmonia budget is
predicted to grow over the years. A conplete understanding of the
environmental fate of ammonia will then allow an understandi ng of any
changes that mght occur fromthe role of ammonia in the nitrogen cycle.
Since all living organi sns depend on the nitrogen cycle, either directly or
indirectly, this information woul d all ow any deci si ons concerning amonia to
be made in an inforned and prudent manner.

Bi oavail ability from Environnental Media. The bioavailability of
amonia fromair and water has been exam ned rather extensively in aninals.
Bi oavail abiltiy fromsoil has not been studied, although it is not a likely
source of exposure.

Food Chain Bi oaccunul ation. Amonia is a naturally-occurring
compound, a key internmediate in the nitrogen cycle. Since it is
continually recycled in the environnent, bioaccunulation, as it is usually
consi dered, does not occur. Thus, data on this process are not warranted.

Exposure Levels in Environnental Media. As an internediate in the
nitrogen cycle, amonia is naturally present in environnental nedia.
Measurenments of anmonia in environnental nedia are sufficient to
di sti ngui sh between background concentrations and el evated concentrati ons.
Data regardi ng ammoni a levels in soil sanples, however, appear not to he as
conpl ete as the database for air and water.

Determining | ow | evel concentrations of atnobspheric anmonia in the
presence of ammniumsalts is difficult. Recently, investigators have been
establ i shing new nethods for the analysis of anmonia in the presence of
ammoni um conpounds (see Chapter 6, Analytical Methods). If highly accurate
values for low | evel s of anmonia are necessary, then a re-eval uation of
ol der literature values m ght be necessary.

Exposure Levels in Humans. Data regarding the exposure | evels of
anmoni a are sufficient for understanding the sources and approxi nate
magni t udes of human exposure. Quantitative nonitoring data for specific
ci rcunst ances, occupations, or events, as reported in the current
literature, m ght be considered to be | acking. Al so |lacking are nonitoring
data for ammonia concentrations in the average househol d, as recent studies
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suggest that indoor concentrations of chem cal conpounds m ght be greater
t han those outside the hone.

Exposure Registries. No exposure registries for anmoni a were | ocated.
This conpound is not currently one of the compounds for which a subregistry
has been established in the National Exposure Registry. The compound wil |
be considered in the future when chenical selection is nmade for
subregistries to be established. The infornmation that is amassed in the
Nati onal Exposure Registry facilitates the epidem ol ogi cal research needed
to assess adverse health outcones that nay be related to exposure to this
compound.

5.7.2 On-going Studies

No on-goi ng studies on ammonia in the environnment were identified.
Renedi al investigations and feasibility studies conducted at the NPL sites
known to be contaninated with ammnia could add to the avail abl e dat abase on
exposure levels in environmental nedia, exposure levels in humans, and
exposure registries, and may increase know edge regarding the fate of
anmonia in the environment. No other |ong-termresearch studies pertaining
to the environnental fate of amronia or to occupational or genera
popul ati on exposures to anmonia were identified.
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The purpose of this chapter is to describe the analytical nethods that
are available for detecting and/or measuring and nonitoring amonia in
environnmental nedia and in biological sanples. The intent is not to provide
an exhaustive |ist of analytical nethods that could be used to detect and
guantify anmonia. Rather, the intention is to identify well-established
nmet hods that are used as the standard nethods of analysis. Many of the
anal yti cal nmethods used to detect anmonia in environnental sanples are the
met hods approved by federal agencies such as EPA and the National Institute
for Qccupational Safety and Health (NIOSH). Ot her nethods presented in this
chapter are those that are approved by a trade association such as the
Association of Oficial Analytical Chem sts (ACAC) and the Anerican Public
Heal t h Associ ation (APHA). Additionally, analytical nethods are included
that refine previously used nethods to obtain |ower detection l[imts, and/or
to inprove accuracy and precision.

6.1 BIOLOd CAL MATERI AL! S

The determ nati on of anmoni a (as dissol ved P&é and anmoniumion) in
bl ood, plasma, or serumis reportedly of value in detecting existing or

i npendi ng hepatic coma and Reyes Syndrone (Meyerhoff and Robins 1980; Tietz
1970). The determ nation of amnia in urine had been used as an indicator
of the kidney's ability to produce ammoni a; however, this procedure has been
repl aced by nore nodern and accurate tests for kidney function. Procedures
for the determ nation of ammnia in these sanples are found in Table 6-1
Ammonia is also tested for in calculi (Tietz 1970); however, this is not a
quantitative test and is not included in Table 6-1I.

The anmoni a content of freshly drawn blood rises rapidly on standing
because of the deami nation of |abile anmi des such as glutam ne (Henry 1964).
At room tenperature, the amonia content can increase by a factor of two or
three' in several hours. Therefore, it is inportant to keep the specinen
cold and performthe analysis as soon as possible. Alternatively, the
sanpl e shoul d be frozen. The amonia content of iced sanples remains
constant for 20 minutes; the amonia content of frozen (-20°C) sanples
remai ns constant for several days (Tietz 1970). Positive errors in ammonia
| evel s may result from ammoni a contam nati on of reagents or pick-up of
ammoni a fromthe atnosphere. In addition, bacterial action can lead to
erroneously high values due to the hydrolysis of urea. This reaction is the
chief cause for the formation of anmonia in unacidified urine on standing
(Henry 1964).

Traditionally, Kjeldahl distillation nmethods have been used to
determ ne anmoni a | evels in biological tissue. The determ nation of ammoni a
| evel s has been considered as a nethod of ascertaining the mcrobial quality
of meat (Parris 1984). In these procedures, amoniumis converted to
ammoni a which is subsequently trapped in acid and anal yzed titranetrically
or calorinmetrically. H gh values sonetines result because of the cleavage



TABLE 6-1. Analytical Methods for Determining Ammonia in Biological Materials

Sample Matrix Sample Preparation Analytical Method Detection Accuracy Reference
Limit
Urine 24-hr specimen, add HCl, refrigerate. Colorimetric NR NR Teitz 1970

Serum, plasma,
whole blood

Freeze at -30°C or ice and analyze
immediately.

(Berthelot reaction)

Membrane based ammonia NR
-selective electrode

-7.0-14X error, 102X Meyerhoff and
average recovery Robins 1980

NR = not reported

‘9
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of protein ami no groups and also the formati on of ammoni a by deami nati on
reactions (Parris and Foglia 1983). Oher techniques use the anmonia-
sel ective

el ectrode and enzymati c assays. Discrepancies have been reported

bet ween results using el ectrodes and those using nore specific enzymatic
procedures because the ammoni a el ectrode responds to both anmoni a and

vol atile amines (Parris and Foglia 1983). Chromatographi c separation of
ammoni a and vol atile am nes after derivatization have al so been used to
obtain specificity (Parris 1984).

6. 2 ENVI RONMENTAL SAMPLES

Wat er and wast ewater sanpl es can be anal yzed for ammoni a by EPA Test
Met hods 350.1, 350.2, and 350.3 (EPA 1983). Anal ogous procedures, nethods
417B, 417D, 417F, and 417G have been approved and published jointly by the
Anerican Public Health Association, American Water Wrks Associ ation, and
Water Pollution Control Association (Greenberg et al. 1985). These net hods
are suitable for drinking, surface, and saline waters, and domestic and
industrial effluent. These and ot her nethods for determ ning amonia in
environmental sanples are listed in Table 6-2, Amonia is reported as
anmoni a nitrogen. Two nethods that are suitable for water enpl oy
calorimetric techni qgues, nesslerization, and phenate nmethods. Nessler's
reagent, an al kaline nixture of mercuric and potassiumiodi de, produces a
yellow to brown color wth amoni a, whereas the phenate reagent, alkaline
phenol , and hypochl orite produce a blue color (EPA 1983, G eenberg et al.
1985). In the titranetric method, the distillate is titrated with standard
sulfuric acid with an appropriate indicator. The amoni a el ectrode enpl oys
a hydrophobi ¢ gas-perneabl e nenbrane to separate the sanple solution from
an internal amoni um chl ori de sol ution, Amonia diffusing through the
nmenbr ane changes the pH of the internal solution and is sensed by a pH
el ectrode. For determ ning NH3-N concentrations above 5 ng/L, the
titranetric and amoni a- sel ective el ectrode methods are to be preferred.
Met hods for determ ning anmonia in water and soil neasure amoni acal
nitrogen, the sumof NH, and NH,. In the determ nation of amoni acal
nitrogen in soil, exchangeabl e amoni um shoul d be di stingui shed from
nonexchangeabl e anmoni um The former is usually defined as that which can
be extracted with KC1 (or KSO,) at roomtenperature (Bremmer 1965).
Nonexchangeabl e anmoniumis fixed nitrogen. In the determ nation of
nonexchangeabl e amoni um organic ammoniumis first renoved and then the
m neral s containing the nonexchangeabl e amoni um are deconposed with HF and
the NH, rel eased. In calorinmetric procedures, turbidity and sanple col or
may |lead to interference. To elimnate interference, the pH of the sanple
may be raised and the anmonia distilled. Care should be taken to prevent
| osses in water sanples due to volatilization and mcrobial transformation.
To prevent such | osses, samples should be acidified soon after collection
and refrigerated. Care should also be taken during storage and treatnent of
soil sanples to prevent ammonia |l oss or gain. It has been denonstrated that
dry soil can rapidly adsorb trace anmounts of ammonia fromthe atnosphere and
t hat extensive anmpbunts of ammonia can be |lost during air drying (Bremer
1965). Additionally, in sanples containing both amoniumand nitrite,



TABLE 6-2.

Analytical Methods for Determining Ammonia in Erwironmental Samples

Sample Matrix Sample Preparation Analytical Method Detection Accuracy Reference
Limit
Air Passive collection using 0.01 N Method 6701, ion 1 ug NHy/sample No bias between 6.9 Apol and
HyS0, in liquid sorbent badge. chromatograph, con- and 48 ppm; +19% at Singal 1987
ductivity detection 148 ppm
Collection on H,S0, - coated acti- Ton chromatography 2 ug NHz/sample 95-110% recovery Bishop et al.
vated carbon beads in sampling 1986
tube
Known volume of air drawn through NIOSH $347, ammonia- NR 97.6% mean recovery SRI 1988
prefilter and H,S0,-treated silica specific electrode
gel
Water None Method 350.1 colori- 0.01 mg/L 107% and 99% recov- EPA 1983
metric, automated eries at 0.16 and
phenate 1.44 mg NH-N/L,
respectively
Removal of residual chlorine with Method 350.2 Nessler 0.05 mg N/L for 28.12 to -0.46R bias EPA 1983
sodium thiosulfate, distillation reagent, colori- colorimetric and between 0.21 and
metric, titrametric; potentiometric 1.92 mg N/L
or ammonia specific 1.0 mg n/L for
electrode titrametric
None Method 350.3 ion 0.03 mg N/L 96 and 91% recoveries EPA 1983
selective electrode at 0.19 and 0.13 mg
N/L, respectively
Soil, exchangeable Extract soil with 2N KCl Method 84-3, steam NR NR 8remner 1965
ammonium distillation with
Mg0, titration
Soil, nonexchangeable Pretreat soil with KO8r-KOH, Method 84-7, steam NR NR Bremner 1965

(fixed) ammonium

shake with 5 N HF-1N HC{ for

.24 hours

distillation with
KOH, titration

NR = not reported

9
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| osses during air drying nmay occur due to the reaction between these ions
and the resulting formati on and rel ease of nitrogen gas (Bremer 1965).

The detection Iinmt of analytical methods for determ ning ammonia in
air depends on the anobunt of air collected in a liquid or solid adsorbent.
Sampling is perforned with passive sanplers or by drawing a volume of air
t hrough the adsorbent using a punp. Particul ate contam nants such as
amoni um salts nmay be renoved by a prefilter. For anbient determ nations,
| arger volunes of air mnmust be sanpled than those appropriate for
occupational determ nati ons where ammoni a | evel s are hi gher. Recent
nmet hodol ogi cal devel opnents permit continuous nonitoring of atnospheric
ammni a down to 0.1 ppb (Pranitis and Meyerhoff 1987). This method enpl oys
a specially designed flowthrough, ammoni a-sel ective electrode with a
sniffer tube. Amonia may be present in air in both the vapor and
particul ate phase as amoni a gas and as anmonium salts. Wil e anal yti cal
nmet hods may di stingui sh between these phases, nobst standard methods do not.
In the methods in Table 6-2, the sanple is collected in sulfuric acid and
un-ionized ammonia will be converted to the ionic form Methods have been
devel oped that determ ne gaseous anmoni a al one or gaseous and particul ate
forms of anmoni acal nitrogen separately. These nethods use filter packs or
sanpling tubes coated with a sel ective adsorbent (denuder tube) to separate
t he phases (D mmock and Marshal |l 1986; Knapp et al. 1986; Rapsomani ki s
et al. 1988). In these nethods, gaseous amonia is trapped by an adsorbent
(e.g., oxalic acid, phosphoric acid) on a coated filter or denuder tube. In
filter nethods, errors may arise due to ammoni a interactions occurring on
the filter and volatilization of retained ammni um salt (D mmock and
Marshal | 1986; Rapsonani kis et al. 1988). There is evidence that anmmoni um
nitrate in particulate natter is in equilibriumw th amonia, which would
contribute to small positive errors for ammonia and snmall negative errors
for anmonium (Doyle et al. 1979).

Many anal ytical methods may be used for the determ nation of |evels of
anmoni a. A di scussion of these nethods is beyond the scope of this
docunment. For a review of new devel opnents in the nethodol ogy for
determ ning amonia in water and air, see MacCarthy et al. (1987) and FOX
(1987), respectively.

6. 3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Admi nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of the
Public Health Service) to assess whet her adequate infornmation on the health
effects of ammonia is avail abl e. Where adequate information is not
avai |l abl e, ATSDR, in conjunction with the NTP, is required to assure the
initiation of a program of research designed to deternine the health effects
(and techni ques for devel opi ng nethods to determ ne such health effects) of
ammoni a.
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6. ANALYTI CAL METHODS

The followi ng categories of possible data needs have been identified by
a joint teamof scientists from ATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if nmet would reduce or
elimnate the uncertainties of human health assessnent. In the future, the
identified data needs will be evaluated and prioritized, and a
subst ance-specific research agenda wi Il be proposed.

6.3.1 ldentification of Data Needs

Met hods for Bi onarkers of Exposure and Effect. No uni que bi onarkers
for exposure or effects exist for ammonia. Until one has been determn ned,
nmet hodol ogy for the deternination of bionarkers nust be preceded by an
experinmental identification of a unique biomarker of human exposure K
effect.

Met hods for Determ ni ng Parent Conpunds and Degradati on Products in
Environnmental Media. Methods for determ ning ammoni acal nitrogen in
environnmental nedia are well devel oped and adequate. Standardi zed net hods
are available from EPA, N OSH, and other sources. Analytical nethods are
al so wel | devel oped for oxidation products of amonia. Since there are
mul ti ple sources of these conpounds in the environnment, their analysis is
not generally used to study the di sappearance of ammoni a.

6.3.2 On-going Studies
No on-goi ng studi es regardi ng new anal yti cal nethods for measuring

amoni a in biological materials or environmental media were |ocated in the
l[iterature
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7. REGULATI ONS AND ADVI SORI ES

I nternational guidelines for anmoni a were not |ocated. National and
state regul ati ons and gui delines pertinent to human exposure to anmmpnia are
summarized in Table 7-1.

Ammonia is regulated by the Cean Water Effluent Cuidelines for the
following industrial point sources: fertilizer manufacturing, petroleum
refining, iron and steel manufacturing, ferroall oy, glass manufacturing,
asbestos, tinber products processing, meat products processing, paving and
roofing, paint forrmulating, ink formulating, gumand wood, carbon bl ack, and
nonferrous nmetal form ng (EPA 1988a).

The U S. FDA (1973) determi ned that concentrations of ammoni a and
amoni um conpounds normally present in food do not suggest a health risk
anmoni a and ammoni um i ons are recogni zed to be integral components of
normal metabolic processes. However, some restrictions have been placed on
| evel s of ammonium salts allowable in processing of foods. Mxinmm
all onabl e I evels in processed foods are as follows: 0.04-3.2% anmoni um
bi carbonate in baked goods, grain, snack, foods and reconstituted
veget abl es; 2. 0% anmoni um car bonate in baked goods, gelatins and puddi ngs;
0. 001% amoni um chl oride i n baked goods and 0.8% in condi mrents and relishes;
0. 6- 0. 8% anmoni um hydr oxi de i n baked goods, cheeses, gelatins and puddi ngs;
0. 01% nonobasi ¢ ammoni um phosphate in baked goods; 1.1% di basic anmmoni um
phosphate in baked goods, 0.003% in nonal coholic beverages and 0.012% for
condi nents and relishes.
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TABLE 7-1.

REGULATIONS AND ADVISORIES

Regulations and Guidelines Applicable to Ammonia
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Agency Description Value Reference
National
Regulations:
a. Air:
OSHA PEL 50 ppm OSHA 1985
19 CFR 1910.1000
b. Nonspecific media:
EPA OERR Reportable quantity EPA 1985
Ammonia 100 b 50 FR 13456
Ammonia salts: (4/4/85)
ammonium acetate 5000 lb 40 CFR 117 and 302
ammonium benzoate 5000 b
ammonium bicarbonate 5000 b
ammonium bichromate 5000 lb
ammonium bifluoride 5000 b
ammonium bisulfite 5000 b
ammonium carbamate 5000 b
ammonium carbonate 5000 b
ammonium chloride 5000 lb
ammonium chromate 1000 (b
ammonium citrate, bibasic 5000 tb
ammonium fluoborate 5000 b
ammonium fluoride 5000 b
ammonium hydroxide 1000 b
ammonium oxalate 5000 b
ammonium picrate 1
ammonium silicofluoride 1000 (b
ammonium sul famate 5000 lb
ammonium sulfide 5000 b
ammonium tartrate 5000 b
ammonium thiocyanate 5000 b
ammonium thiosulfate 5000 b
ammonium vanadate 11lb
Guidelines
a. Air:
ACGIH TLV/TWA 25 ppm ACGIH 1988
STEL 35 ppm ACGIH 1988
NIOSH Recommended exposure limit
5-min ceiling 50 ppm NIOSH 1985
State
a. Air: Acceptable ambient air concentration NATICH 1988
Connecticut Ammonia (7664-41-7) 360 ug/n§ 8-hr average
Florida-Tampa 0.36 mg/m>
Kansas 42.857 uglzg annual average
Kansas-Kansas City 42.857 ugg 1-yr average
Massachusetts 24.0 ug/mC 24-hr average
North Carolina 2.70 mg/mC 15-min average
North Dakota 0.18 mg/m;, 8-hr average

North Dakota
Nevada

New York
South Dakota
Virginia
Wyoming

0.27

mg/m

0.429 mg
360 ng/
360 png/
250 pg/
429 pg/

1-hr average

8-hr average
1-yr average
8-hr average
24-hr average
1-hr average
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7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

Agency Description Vatue Reference
New York Ammonium bromide (12124-97-9) 30 ug/m3 1-yr average
Connecticut Ammonium chioride 200 ug/m3 8-hr average
North Dakota fume (12125-02-9) 0.10 ng/:g 8-hr average
North Dakota 0.20 mg/m”_1-hr average
Nevada 0.238 m3 8-hr average
South Carolina 250 pg/m, 24-hr average
South Dakota 200 pg/mc, 8-hr average
vVirginia 150 ug/m’ 24-hr average
Connecticut Ammonium sul famate (7773-06-0) 200 ug/nC 8-hr average
North Dakota 0.1 mg/ -hr average
Nevada 0.238 mg 8-hr average
Virginia 150 pg/m” 24-hr average

%Reference dose for chronic oral exposure applies to ammonium sul famate.

ACGIH = American Conference of Governmental Industrial Hygienists
EPA = Environmental Protection Agency

NIOSH = National Institute for Occupational Safety and Health.
OERR = Office of Emergency and Remedial Response

OSHA = Occupational Safety and Health Administration

PEL = Permissible Exposure Limit

TLV = Threshold Limit Value
TWA = Time-Weighted Average
STEL = Short-Term Exposure Limit
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9. GLCSSARY

Acut e Exposure -- Exposure to a chemical for a duration of 14 days or |ess,
as specified in the toxicol ogical profiles.

Adsorption Coefficient (Koc) -- The ratio of the anmount of a cheni cal
adsor bed per unit weight of organic carbon in the soil or sedinment to the
concentration of the chemical in solution at equilibrium

Adsorption Ratio (Kd) -- The anobunt of a chem cal adsorbed by a sedi nent or
soil (i.e., the solid phase) divided by the anpbunt of chemical in the

sol ution phase, which is in equilibriumw th the solid phase, at a fixed
solid/solution ratio. It is generally expressed in mcrograns of chem ca
sor bed per gram of soil or sedinent.

Bi oconcentrati on Factor (BCF) -- The quotient of the concentration of a
chem cal in aquatic organisns at a specific tine or during a discrete tine
period of exposure divided by the concentration in the surroundi ng water at
the sanme tinme or during the sane period.

Cancer Effect Level (CEL) -- The | owest dose of chemical in a study, or
group of studies, that produces significant increases in the incidence of
cancer (or tunors) between the exposed popul ation and its appropriate
control

Carci nogen -- A chenical capable of inducing cancer.

Ceiling Value -- A concentration of a substance that should not be
exceeded, even instantaneously.

Chroni ¢ Exposure -- Exposure to a chem cal for 365 days or nore, as
specified in the Toxicol ogical Profiles.

Devel opnmental Toxicity -- The occurrence of adverse effects on the

devel opi ng organismthat may result from exposure to a chemical prior to
conception (either parent), during prenatal devel opnment, or postnatally to
the time of sexual maturation. Adverse devel opmental effects may be
detected at any point in the Iife span of the organism

Enbryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chem cal; the distinguishing feature
between the two terns is the stage of devel opnment during which the insult
occurred. The termnms, as used here, include malformations and vari ati ons,
altered grow h, and in utero death.

EPA Heal th Advisory -- An estimate of acceptable drinking water |evels for a
chem cal substance based on health effects information. A health advisory

is not a legally enforceabl e federal standard, but serves as technical

gui dance to assist federal, state, and local officials.
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I medi atel y Dangerous to Life or Health (IDLH) -- The maxi mum environment al
concentration of a contam nant from which one could escape within 30 mn
wi t hout any escape-inpairing synptons or irreversible health effects.

I nt ernedi at e Exposure -- Exposure to a chemical for a duration of 15-364
days as specified in the Toxicol ogical Profiles.

| mmunol ogi ¢ Toxicity -- The occurrence of adverse effects on the inmune
systemthat nmay result from exposure to environnmental agents such as
chem cal s.

In Vitro -- Isolated fromthe living organismand artificially naintained,
as in a test tube.

In Vivo -- Cccurring within the living organism

Lethal Concentration , (LC) -- The | owest concentration of a chemical in

ai r which has been reporte to have caused death in hunmans or aninals.

Let hal Concentration,, (LC, -- A calculated concentration of a chenica
in air to which exposure for a specific length of tinme is expected to cause
death in 50% of a defined experinental animl population.

Lethal Dose., (LT,) -- The I owest dose of a chemi cal introduced by a
route other than inhalation that is expected to have caused death in hunans
or ani mals.

Let hal Dose, (LD,) -- The dose of a chemical which has been cal cul ated
to cause death in 50% of a defined experinental animl popul ation.

Lethal Time,, (LT,) -- A calculated period of time within which a
specific concentration of a chemcal is expected to cause death in 50% of a
defined experinental animal popul ation.

Lowest - Qbserved- Adver se- Ef fect Level (LOAEL) -- The | owest dose of chem cal
in a study, or group of studies, that produces statistically or biologically
significant increases in frequency or severity of adverse effects between

t he exposed popul ation and its appropriate control.

Mal formati ons -- Pernmanent structural changes that may adversely affect
survival, devel opnent, or function

M nimal Risk Level -- An estimate of daily hunan exposure to a chem ca
that is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.

Mut agen -- A substance that causes nmutations. A nutation is a change in the
genetic material in a body cell. Miutations can lead to birth defects,
m scarriages, or cancer.
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Neurotoxicity -- The occurrence of adverse effects on the nervous system
foll owi ng exposure to chemi cal

No- Qbserved- Adver se- Ef fect Level (NOAEL) -- The dose of chem cal at which
there were no statistically or biologically significant increases in
frequency or severity of adverse effects seen between the exposed

popul ation and its appropriate control. Effects may be produced at this
dose, but they are not considered to be adverse.
briumratio of the

COct anol -Water Partition Coefficient (Kow) -- The equilibr
di lute sol ution.

i
concentrations of a chemcal in n-octanol and water, in

Per m ssi bl e Exposure Limt (PEL) -- An allowable exposure level in
wor kpl ace air averaged over an g-hour shift.

gl* -- The upper-bound estinate of the | ow dose sl ope of the dose-response
curve as deternmned by the nultistage procedure. The gl * can be used to
cal cul ate an estimate of carcinogenic potency, the increnental excess cancer

ri sk per unit of exposure (usually pg/L for water, ng/kg/day for food, and
ug/ M3 for air).

Ref erence Dose (RfD) -- An estimate (with uncertainty spanni ng perhaps an
order of magnitude) of the daily exposure of the human population to a
potential hazard that is likely to be without risk of deleterious effects
during a lifetime. The RID is operationally derived fromthe NOAEL (from

ani mal and human studies) by a consistent application of uncertainty factors
that reflect various types of data used to estimte RfDs and an additi onal
nodi fying factor, which is based on a professional judgnent of the entire
dat abase on the chemi cal. The RiDs are not applicable to nonthreshold

ef fects such as cancer.

Reportable Quantity (RQ -- The quantity of a hazardous substance that is
consi dered reportabl e under CERCLA. Reportable quantities are (1) 1 Ib or
greater or (2) for selected substances, an anount established by regul ation
ei ther under CERCLA or under Sect. 311 of the Clean Water Act. Quantities
are nmeasured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the
reproductive systemthat may result fromexposure to a chenmical. The
toxicity may be directed to the reproductive organs and/or the rel ated
endocri ne system The manifestation of such toxicity may be noted as
alterations in sexual behavior, fertility, pregnancy outcones, or

nodi fications in other functions that are dependent on the integrity of
this system
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Short-Term Exposure Limt (STEL) -- The maxi mum concentration to which
wor kers can be exposed for up to 15 min continually. No nore than four
excursions are allowed per day, and there nmust be at |east 60 min between
exposure periods. The daily TLV-TWA nay not be exceeded.

Target Organ Toxicity -- This termcovers a broad range of adverse effects
on target organs or physiol ogical systens (e.g., renal, cardiovascul ar)
extending fromthose arising through a single |limted exposure to those
assunmed over a lifetinme of exposure to a chem cal

Teratogen -- A chem cal that causes structural defects that affect the
devel opment of an organi sm

Threshold Limt Value (TLV) -- A concentration of a substance to which nost
wor kers can be exposed without adverse effect. The TLV may be expressed as
a TWA, as a STEL, or as a CL.

Ti me- Wi ght ed Average (TWA) -- An al |l owabl e exposure concentrati on averaged
over a normal B-hour workday or 40-hour workweek.

Toxic Dose (TD,) -- A calculated dose of a chem cal, introduced by a route
ot her than inhalation, which is expected to cause a specific toxic effect in
50% of a defined experinmental aninal popul ati on.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RID
fromexperinental data. UFs are intended to account for (1) the variation
in sensitivity anong the nenbers of the human popul ation, (2) the
uncertainty in extrapolating animal data to the case of human, (3) the
uncertainty in extrapolating fromdata obtained in a study that is of |ess
than |ifetinme exposure, and (4) the uncertainty in using LOAEL data rather
t han NOAEL data. Usually each of these factors is set equal to 10.
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APPENDI X:  PEER REVI EW

A peer review panel was assenbled for ammoni a. The panel consisted of
the follow ng nenmbers: Dr. Joseph Borowi tz, Departnent of Pharnacol ogy and
Toxi col ogy, Purdue University; Dr. Robert WIson, Departnent of Biochemstry
and Mol ecul ar Bi ol ogy, M ssissippi State University; and Dr. Donal d Morgan
Private Consultant. These experts collectively have know edge of anmonia's
physi cal and chem cal properties, toxicokinetics, key health end points,
mechani sns of action, human and ani mal exposure, and quantification of risk
to humans. All reviewers were selected in conformty with the conditions
for peer review specified in Section 104(i)(13) of the Conprehensive
Envi ronnment al Response, Conpensation, and Liability Act, as anended.

A joint panel of scientists from ATSDR and EPA has revi ewed the peer
reviewers' comments and determ ned which comments will be included in the
profile. Alisting of the peer reviewers' comrents not incorporated in the
profile, with brief explanation of the rationale for their exclusion, exists
as part of the administrative record for this conpound. A list of databases
reviewed and a list of unpublished docunents cited are also included in the
adm ni strative record.

The citation of the peer review panel should not be understood to
imply its approval of the profile's final content. The responsibility for
the content of this profile lies with the Agency for Toxic Substances and
Di sease Registry.





